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16 Abstract 

An experimental research program was undertaken to characterize the relationship 
between deposit mass, operating time, and temperature in coking studies for aviation 
fuels under conditions simulating those in a modern aircraft turbine fuel system. The 
rates of carbon deposition 'in heated stainless steel tubes were determined for Jet A 
and the alternative fuel Suntech A using a novel steady flow test apparatus whic.1 per- 
mitted variation and evaluation of the effect on deposit formation of fuel and surface 
temperature, fuel velocity, and operating time. In addition, the heated-tobe data were 
used to develop a global chemical kinetic model for predicting and correlating deposit 
formation rates for a range of operating conditions. 

were conducted at a pressure of 3.4 MPa, fuel velocities of 0.07 and 1.3 mfs, tube wall 
temperatures in the range of 4 2 0  to 750 K, maximum fuel temperatures in the range of 420  
to 560 K, and for test durations from 3 to 730 hr. In general, fuel deposit rates were 
found to be a strong function of wall temperature, and at a common test condition, the 
rates for Suntech A exceeded those for Jet A by a factor of ten. 
fuels, deposit rates increased markedly as test duration increased. 
cal reaction model verified the effect of dissolved oxygen in the fuel as a limiting 
agent for deposit formation, and the importance of the fuel temperature-time history for 
affecting downstream deposition. 

Parametric tests to map the thermal stability characteristics of Jet A and Suntech 2 

Unexpectedly, for both 
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Long T e r m  Deposit  Formation i n  Avia t ion  Turbine Fuel 
a t  E 1 e va t e d Temper a t  u r  e 

A. J. Giovane t t i  
E .  J .  S z e t e l a  

SUMMARY 

An experimental  r e sea rch  program was undertaken t o  c h a r a c t e r i z e  t h e  
r e l a t i o n s h i p  between depos i t  mass, ope ra t ing  t i m e ,  and temperature  i n  coking 
s t u d i e s  f o r  a v i a t i o n  f u e l s  under condi t ions  s imula t ing  those  i n  a modern 
a i r c r a f t  t u r b i n e  f u e l  system. The r a t e s  o f  carbon d e p o s i t i o n  i n  hea ted  s t a i n -  
l e s s  s tee l  tubes  were determined for Jet  A and t h e  a l t e r n a t i v e  f u e l  Suntech A 
us ing  a novel  s t eady  flow t e s t  apparatus which permi t ted  independent v a r i a t i o n  
and e v a l u a t i o n  of t h e  e f f e c t  on deposi t  formation of  f u e l  and su r face  tempera- 
t u r e ,  f u e l  v e l o c i t y ,  and ope ra t ing  t i m e .  I n  a d d i t i o n ,  t h e  heated-tube d a t a  
were used t o  develop a g loba l  chemical k i n e t i c  model f o r  p r e d i c t i n g  and 
c o r r e l a t i n g  d e p o s i t  formation r a t e s  f o r  a range of  o p e r a t i n g  cond i t ions .  

Paramet r ic  tes ts  t o  map t h e  thermal s t a b i l i t y  c h a r a c t e r i s t i c s  of  Jet  A 
au; SuuLecii A were conducted a t  a pressure  of 3.4 MPa, f u e l  v e l o c i t i e s  o f  0.07 
and 1.3 m / s ,  tube  wal l  temperatures  i n  t h e  range of  420 t o  750 K,  maximum f u e l  
tempera tures  i n  t h e  range of  420 t o  560 K ,  and f o r  t e s t  d u r a t i o n s  from 3 t o  
730 h r .  I n  g e n e r a l ,  f u e l  depos i t  r a t e s  were found t o  be a s t rong  func t ion  o f  
tube w a l l  t empera ture ,  and a t  a common t e s t  c o n d i t i o n ,  t h e  r a t e s  f o r  Suntech A 
exceeded those  f o r  Je t  A by a f ac to r  o f  t e n .  Unexpectedly, f o r  both f u e l s ,  
d e p o s i t  r a t e s  d i d  no t  remain constant  as a f u n c t i o n  of  t e s t  du ra t ion .  For 
Jet  A,  t he  ra tes  of carbon depos i t ion  were p ropor t iona l  t o  t h e  second power of 
t es t  d u r a t i o n ,  i .e . ,  time-average carbon d e p o s i t i o n  r a t e s  were quadrupled as 
tes t  t ime was doubled, sugges t ing  tha t  d e p o s i t  m a t e r i a l  formed on t h e  tube  i n  
t h e  e a r l y  s t a g e s  of  t h e  tes t  may have provided an a c t i v e  s u r f a c e  which 
enhanced f u r t h e r  f u e l  depos i t ion .  Also, a l l  d e p o s i t s  ob ta ined  a t  t h e  low 
v e l o c i t y  c o n d i t i o n  of  0.07 m / s  were non-uniform i n  t h i c k n e s s ,  c e l l u l a r  i n  
s t r u c t u r e ,  and found t o  have an average d e n s i t y  o f  0.08 g/cm3 based on carbon 
con ten t .  However, a t  t h e  h ighe r  v e l o c i t y  of  1.3 m / s ,  f u e l  d e p o s i t  coverage o f  
t he  tube  w a s  more uniform and a s i g n i f i c a n t l y  denser  d e p o s i t  having an average 
d e n s i t y  o f  0.8 g/cm3 was observed. 

I n  i n d i v i d u a l  t es t s  where t h e  fue l  r e s idence  t i m e  w a s  s u f f i c i e n t l y  long 
a t  e l eva ted  tube  tempera tures ,  deposi t  formation ra tes  reached maximum v a l u e s  
a t  i n t e rmed ia t e  va lues  of tube  temperature and p o s i t i o n  (e .g . ,  approximately 
550 K f o r  a r e s idence  t i m e  o f  5 8 and 500 K f o r  13 s). As f u e l  r e s idence  time 
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and tube  temperature were f u r t h e r  i nc reased ,  d e p o s i t  formation r a t e s  decreased 
s i g n i f i c a n t l y  from t h e i r  maximum values .  
phenomenon was t h a t  du r ing  t h e  f u e l  hea t ing  p rocess ,  a c t i v e  oxygenated s p e c i e s  
(which a r e  precursors  t o  depos i t  formation) are formed and la ter  dep le t ed  as 
f u e l  f lows through t h e  tube .  Based on t h i s  hypo thes i s ,  a two-step f i n i t e - r a t e  
chemical r eac t ion  model w a s  formulated t o  s imula te  t h e  complicated f u e l  oxida- 
t i o n  and depos i t  formation processes .  The r e s u l t s  o f  t h i s  model when app l i ed  
t o  t h e  heated-tube experiments v e r i f i e d  t h e  e f f e c t  o f  d i s so lved  oxygen i n  t h e  
f u e l  as a l i m i t i n g  agent  f o r  d e p o s i t  formation,  and t h e  importance of  
temperature-time h i s t o r y  of  t h e  f u e l  €or  a f f e c t i n g  downstream depos i t i on .  
F u r t h e r ,  t h e  model was used t o  develop a s i m i l a r i t y  parameter de f ined  as t h e  
o v e r a l l  depos i t ion  r a t e  cons t an t  which i n  t u r n  w a s  used t o  c o r r e l a t e  i n  a 
conc i se  manner t h e  heated-tube d e p o s i t  d a t a  f o r  a range of  s u r f a c e  tempera- 
t u r e s ,  f u e l  res idence  t i m e s ,  f u e l  v e l o c i t i e s ,  and tes t  d u r a t i o n s .  The r e s u l t s  
o f  t h e  experimental  and model l ing e f f o r t s  provide a b a s i s  f o r  t h e  development 
of  a d e s i g n f a p p l i c a t i o n  procedure f o r  p r e d i c t i n g  d e p o s i t  formation i n  a i r c r a f t  
f u e l  systems. 

A p o s s i b l e  exp lana t ion  f o r  t h i s  

1 
V 

. 
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INTRODUCTION 

Background 

Hydrocarbon gas  tu rb ine  f u e l s  i n  con tac t  wi th  hea ted  s u r f a c e s  form 
i n s o l u b l e ,  carbonaceous d e p o s i t s  which o f t e n  p lug  f u e l  passages  i n  h e a t  
exchangers,  f u e l  manifolds ,  and in j ec to r s .  The chemical changes r e s u l t i n g  i n  
d e p o s i t  formation a r e  not  understood, but  i t  i s  be l i eved  t h a t  o x i d a t i o n  
processes  lead ing  t o  t h e  formation of f r e e - r a d i c a l  s p e c i e s  are involved 
(Ref.  1 ) .  
range 450 t o  500 IC. 
(Ref.  2 ) .  

The d e p o s i t  p rocess  i s  slow y e t  observable  a t  tempera tures  i n  t h e  
Above 600 IC, t h e  process  becomes s u b s t a n t i a l l y  more r a p i d  

A r e l i a b l e  c o r r e l a t i o n  of t h e  growth of d e p o s i t s  wi th  ope ra t ing  condi- 
t i o n s  inc lud ing  temperature ,  run  time, and v e l o c i t y  is r equ i r ed  by f u e l  s y s t e m  
des igne r s  t o  prevent  depos i t  build-up i n  f u e l  system components. 
c o r r e l a t i o n  h a s  not  been a v a i l a b l e  a l though a number of i n v e s t i g a t o r s  have 
s tud ied  depos i t  formation i n  previous programs. 
q u a l i f y  t h e  e x t e n t  o f  carbon depos i t ion  was t o  measure t h e  r i se  i n  s u r f a c e  
temperature  with t i m e  and deduce the thermal  r e s i s t a n c e  (Refs .  3 and 4 ) ;  
however, depos i t  mass cannot be d i r e c t l y  ob ta ined  from t h e  d a t a .  Deposit  mass 

2 has  been cha rac t e r i zed  by ox id iz ing  t h e  d e p o s i t  and measuring CO and CO 
concen t r a t ions  i n  a number of  i n v e s t i g a t i o n s  which involved t e s t s  o f  10 min t o  
100 h r  d u r a t i o n  (Ref. 5-10). Tt was foiind t h a t  depnait  f o r m a t i - n n  r e t e  i g  
s t r o n g l y  dependent on temperature ,  but t h e  e f f e c t  of  run  t ime could no t  be  
d i sce rned .  Another technique w a s  t o  measure d e p o s i t  t h i c k n e s s  d i r e c t l y  by a 
micrometer method, and th i cknesses  up t o  0.02 mm were r epor t ed  a f t e r  c y c l i c  
tests i n  a f u e l  s y s t e m  s imula tor  which was opera ted  f o r  250 h r  (Ref. 11). A 
be ta- ray  technique w a s  used t o  analyze hea ted  tube  specimens run a t  tempera- 
t u r e s  between 900 and 1000 K f o r  periods up t o  100 h r  (Ref. 121, but  t h e s e  
d a t a  a r e  not  d i r e c t l y  app l i cab le  t o  gas  t u r b i n e  f u e l  systems. 

Such a 

One of  t h e  techniques  used t o  

Program Desc r ip t ion  

The purpose of  t h e  present  program w a s  t o  determine t h e  r e l a t i o n s h i p  
between run  t ime and temperature  on t h e  d e p o s i t  bu i ldup  r e s u l t i n g  from t h e  
flowing of J e t  A f u e l  i n  a hea ted  tube. 
f u e l  Suntech A was t e s t e d .  The program inc luded  t h e  des ign ,  f a b r i c a t i o n ,  and 
o p e r a t i o n  of a novel thermal s t a b i l i t y  t es t  appa ra tus ,  t h e  de te rmina t ion  o f  
d e p o s i t i o n  r a t e s  over  a range  of temperatures and t e s t  d u r a t i o n s ,  and t h e  
development of  c o r r e l a t i o n s  r e l a t i n g  s h o r t  d u r a t i o n ,  high-temperature r e s u l t s  
t o  d a t a  obtained a t  lower temperatures over  long d u r a t i o n s .  The method o f  
approach t o  accomplish these  t a s k s  cons i s t ed  o f  (1) c h a r a c t e r i z i n g  each test 
f u e l  w i th  r e s p e c t  t o  i t s  chemical composition, phys i ca l  p r o p e r t i e s ,  and 
thermal  s t a b i l i t y  as determined from t h e  ASTM Jet  Fuel Thermal Oxidat ion 

Also,  t h e  a l t e r n a t i v e  lower q u a l i t y  
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T e s t e r  (JFTOT), ( 2 )  des igning  and f a b r i c a t i n g  a heated-tube tes t  appara tus  f o r  
determining t h e  thermal  s t a b i l i t y  of  t h e  f u e l s  from 350 t o  560 K bu lk  f u e l  
temperature ,  ( 3 )  thermal ly  s t r e s s i n g  each tes t  f u e l  i n  accordance wi th  a 
p re sc r ibed  matr ix  of ope ra t ing  cond i t ions ,  i nc lud ing  tes t s  t o  e s t a b l i s h  

d e p o s i t i o n  observed i n  t h e  experiments ,  and (5) c o r r e l a t i n g  t h e  depos i t  forma- \ 

t i o n  d a t a  i n  a format which inc ludes  t h e  e f f e c t s  o f  s u r f a c e  tempera ture ,  
ope ra t ing  time, and f u e l  v e l o c i t y  ( r e s idence  t ime) .  

adequate  p rec i s ion  of t h e  appa ra tus ,  (4) c h a r a c t e r i z i n g  t h e  l e v e l s  o f  carbon \ 

. 

The organiza t ion  of  t h i s  r e p o r t  is  as fol lows:  F i r s t ,  a s e c t i o n  i s  
presented  which d e s c r i b e s  t h e  experimental  approach inc luding  t h e  f u e l s  
c h a r a c t e r i z a t i o n  a n a l y s i s ,  t e s t  appara tus  and tes t  procedures ,  and tes t  
matrix. N e x t ,  t h e  measured carbon d e p o s i t i o n  ra te  d a t a  i s  presented ,  and t h e  
important t rends a r e  i d e n t i f i e d  and c o r r e l a t e d  wi th  t h e  experimental  
cond i t ions .  In  a d d i t i o n ,  a chemical k i n e t i c  r e a c t i o n  model i s  developed and 
app l i ed  t o  the tube-generated depos i t i on  d a t a .  
a c o r r e l a t i o n  i s  developed which p r e d i c t s  carbon d e p o s i t i o n  ra tes  f o r  a range 
of t e s t  condi t ions  and inc ludes  t h e  e f f e c t s  of  s u r f a c e  temperature ,  f u e l  
temperature-time h i s t o r y ,  and f u e l  v e l o c i t y .  F i n a l l y ,  t h e  l a s t  s e c t i o n  o f  
t h i s  r e p o r t  summarizes t h e  important conclus ions  of  t h e  program. 

I n  con junc t ion  with t h e  model, 

i 
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EXPERIMENTAL APPROACH 
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Experiments were conducted i n  heated tubes t o  e v a l u a t e  t h e  ra tes  o f  
carbon d e p o s i t i o n  f o r  J e t  A and Suntech A i n  t e s t s  up t o  s e v e r a l  hundred hours  
d u r a t i o n  and under flow and temperature c o n d i t i o n s  s i m u l a t i n g  t h e  f u e l  system 
o f  a modern a i r c r a f t  gas  t u r b i n e  engine. 
f a c i l i t y ,  and d a t a  a n a l y s i s  procedures are d i scussed  i n  t h e  fol lowing 
s e c t  ions.  

The f u e l  c h a r a c t e r i s t i c s ,  t e s t  

Fuels Characterizations 

Each f u e l  used i n  t h e  program was withdrawn as a s i n g l e  ba t ch  from a 
l a r g e  supply and s t o r e d  i n  unused s t e e l  drums under an unheated outdoor 
p r o t e c t i v e  enc losu re .  
1655) was acquired from a l o c a l  gas t u r b i n e  development t e s t i n g  f a c i l i t y ,  and 
t h e  a l t e r n a t i v e  f u e l ,  Suntech A ,  (designated by the  Government as NAPC-19) was 
supp l i ed  by t h e  Naval A i r  Propulsion Center .  The chemical and phys ica l  
p r o p e r t i e s  and thermal s t a b i l i t i e s  of each f u e l  were ob ta ined  by providing 
samples t o  independent a n a l y t i c a l  l abo ra to ry  f a c i l i t i e s ,  i . e . ,  chemical 
composition and phys ica l  p r o p e r t i e s  ana lyses  were performed by Southern 
Petroleum L a b o r a t o r i e s ,  I n c . ,  and f u e l  thermal s t a b i l i t y  t e s t i n g  f o r  break- 
po in t  temperature de t e rmina t ion  using t h e  ASTM Jet Fuel  Thermal Oxidation 
Tester (JFTOT) were done a t  Southwest Research Ins t i t u t e .  Table T ci~mmarizeg 

t he  r e s u l t s  of t h e  f u e l s  c h a r a c t e r i z a t i o n  ana lyses ,  i nc lud ing  t h e  p a r t i c u l a r  
ASTM tes t  method used f o r  each determinat ion.  Also, for bo th  f u e l s ,  Table I1 
provides  as a func t ion  o f  temperature t h e  approximate v a l u e s  f o r  d e n s i t y ,  
s p e c i f i c  h e a t ,  thermal conduc t iv i ty ,  and a b s o l u t e  v i s c o s i t y  used t o  compute 
t h e  flow parameters f o r  each tes t  (e .g . ,  Reynolds number, l o c a l  v e l o c i t y ,  and 
h e a t  f l u x ) .  

The Jet A (Aviation Turbine Fuel  S p e c i f i c a t i o n  ASTM D 

As shown i n  Table I ,  t h e r e  i s  an anomaly i n  t h e  thermal  s t a b i l i t y  between 
Jet A and Suntech A w i th  r e s p e c t  t o  t h e  d i f f e r e n c e s  i n  t h e i r  chemical composi- 
t i o n s ,  i . e . ,  aromatics  from 21 t o  40 percen t ,  s u l f u r  from 0.05 t o  0.24 
p e r c e n t ,  and n i t r o g e n  from 12 t o  250 ppm f o r  J e t  A and Suntech A ,  r e spec t ive -  
l y .  Because the  l a t t e r  s p e c i e s  a r e  g e n e r a l l y  regarded as d e t r i m e n t a l  t o  f u e l  
thermal  s t a b i l i t y ,  Suntech A would have been expected t o  e x h i b i t  a lower 
breakpoint  temperature ( a c t u a l  value = 538 K). Also, i t  i s  worth n o t i n g  t h a t  
t h e  J e t  A f u e l  sample had a t o t a l  aromatic con ten t  i n  excess  of 20 pe rcen t  by 
volume and had a r e l a t i v e l y  low thermal s t a b i l i t y  b reakpo in t  temperature ,  bo th  
o f  which c l a s s i f y  t h e  f u e l  a s  marginal i n  pas s ing  t h e  Jet  A f u e l  s p e c i f i c a -  
t ion .  
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Test Apparatus and Test Procedures 

Apparatus 

A novel fuel thermal stability test apparatus, shown schematically in 
Fig. 1 and photographically in Fig. 2,  was developed to provide fundamental 
information on fuel deposition rates over a wide range of temperatures, test 
durations, and flow rates. The apparatus consists of multiple resistance- 
heated, stainless steel tubes which are connected in series with unheated 
constant temperature (isothermal) tubes. Because of the planned long duration 
tests and the considerable effort required to run them, multiple tubes were 
chosen to permit tests of different durations to be run concurrently, thereby 
maximizing data output. In addition, the apparatus features metal wafer 
specimens and water-cooled deposit collection filters immersed in the fuel 
stream downstream of each tube section. The heated-tube sections provide 
information on the deposit formation that occurs when the temperature differ- 
ential between the surface and fuel is large (approximately 100 K), whereas 
the isothermal tubes and metal wafer specimens yield data for the condition 
when the surface and fuel temperatures are equal. The water-cooled deposit 
collection filters enable determination of the combined masses of residual 
deposit which forms and remains in the bulk flow and the deposit which breaks 
away from upstream tube sections. 

The experimental apparatus was designed so that all components directly 
in contact with the fuel were constructed from either stainless steel, steel, 
plastic, or aluminum, and as shown in Fig. 1 consists of: (1) a fuel supply 
tank and sparging element to saturate the fuel with air prior to test; ( 2 )  a 
zeolite-type molecular sieve used to remove water and gum deposits from the 
fuel; ( 3 )  a fuel delivery system comprising four piston-type accumulators 
which are used to drive fuel through the test section; (4) a calibrated flow 
metering orifice at the inlet of each heated tube to maintain identical flow 
rates in each tube; (5) a test section comprising three resistance-heated 
tubes connected in parallel to an a-c power supply, followed by three isother- 
mal tubes; ( 6 )  stainless steel wafer specimens immersed in the fuel stream at 
locations immediately upstream and downstream of each isothermal tube; (7) a 
water-cooled, nominal 15 pm sintered, stainless steel deposit collection 
filter at the outlet of each isothermal tube for use in selected tests; ( 8 )  a 
fuel cooler; (9) an electrically-driven metering valve and turbine flow meter 
to control and monitor the total fuel flow rate through the test section; and 
(10) a fuel collection tank. 
cell, and the associated control and data acquisition systems are remotely 
located in a separate control room. It is capable of continuous operation at 
maximum fuel temperatures and pressures up to 500 K and 3.4  MPa for fuel flow 
rates up to 14 kg/hr per tube. 

The apparatus is located in a concrete test 
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Each of t h e  t h r e e  t e s t  tube assemblies shown i n  Fig.  1 i s  f a b r i c a t e d  from 
0.22-cm I D  x 0.32-cm OD, 316 s t a i n l e s s  s teel  tubing.  
r e s i s t ance -hea ted  tube  subassembly i s  brazed t o  copper e l e c t r o d e s  which a t t a c h  
t o  t h e  8 kVA a-c power supply,  and the connect ing 0.30-m-long i so the rma l  tube 
subassembly i s  enclosed i n  a concen t r i c ,  c y l i n d r i c a l  ceramic oven t o  compen- 
s a t e  f o r  hea t  l o s s e s  t o  t h e  environment. Outer tube w a l l  temperatures  are 
measured u s i n g  e l even  chromel-alumel thermocouples which are  spo t  welded t o  
t h e  o u t e r  wal l  of t he  heated tube a t  equa l  spacings of 7.6 cm. The thermo- 
couple  j u n c t i o n s  a r e  coated wi th  Sauereisen cement t o  i n s u r e  good thermal  
c o n t a c t  and t o  minimize hea t  conduction l o s s e s .  I n  t h e  same manner, f i v e  
thermocouples, spaced a t  5.1-cm i n t e r v a l s ,  are a t t a c h e d  t o  each  i so the rma l  
tube.  The use of an a-c power supply t o  h e a t  t h e  tubes a s s u r e s  t h a t  tempera- 
t u r e  measurement e r r o r s  r e s u l t i n g  from a v o l t a g e  drop a c r o s s  t h e  thermocouple 
bead are minimized. Because r a d i a l  temperature  g r a d i e n t s  a r e  u s u a l l y  n e g l i g i -  
b l e  a c r o s s  t h e  tube  w a l l  ( i . e . ,  a t  low h e a t  f l u x ) ,  t o  a f i r s t  approximation 
t h e  o u t e r  wal l  temperature equa l s  the i n n e r  w a l l  temperature .  The i n l e t  and 
o u t l e t  f u e l  bu lk  temperatures  from the  hea ted  and i so the rma l  tubes  a r e  
measured using d u p l i c a t e  small diameter (0.051 cm) thermocouples i n s e r t e d  i n t o  
s p e c i a l  i n s t rumen ta t ion  plenums which a l s o  c o n t a i n  t h e  0.64-cnrlong x 0.32-cm- 
wide x 0.005-cm-thick 316 s t a i n l e s s  s tee l  wafe r  specimens. Since p i e r c i n g  t h e  
tubes  f o r  i n s e r t i o n  of thermocouples a t  i n t e rmed ia t e  s t a t i o n s  i s  not  con- 
s i d e r e d  t o  be good p r a c t i c e  (because of p o s s i b l e  f u e l  leakage,  i n s e r t i o n  of 
p r e f e r e n t i a l  s i t es  f o r  d e p o s i t i o n ,  and e l e c t r i c a l  d i s c o n t i n u i t i e s )  f u e l  
temperatures  a t  in t e rmed ia t e  s t a t i o n s  are c a l c u l a t e d ,  assuming t h e  f u e l  
en tha lpy  i n c r e a s e s  l i n e a r l y  with tube p o s i t i o n  f o r  uniform h e a t  f l u x  d i s t r i b u -  
t i o n  and using t h e  f u e l  en tha lpy  vs .  temperature  d a t a  o f  Table 11. 

The 0.91-m-long 

The tes t  tube assemblies  a r e  e l e c t r i c a l l y  i s o l a t e d ,  mounted v e r t i c a l l y ,  
and wrapped i n  b l a n k e t s  of  F ibe r f r ax  i n s u l a t i o n  t o  reduce h e a t  l o s s e s .  The 
v e r t i c a l  o r i e n t a t i o n  causes  t h e  buoyancy f o r c e s  a c t i n g  on t h e  f u e l  (due t o  t h e  
induced a x i a l  temperature g r a d i e n t )  t o  be i n  t h e  same d i r e c t i o n  as t h e  flow, 
the reby  suppressing any secondary flow motion t h a t  would occur a t  a ve ry  low 
Reynolds number ( e . g . ,  i n l e t  Re  = 70 at 0.07 m / s  v e l o c i t y ) .  

The f u e l  i n l e t  p re s su re ,  t h e  pressure l o s s  a c r o s s  each heated tube ,  and 
t h e  p r e s s u r e  l o s s  a c r o s s  each isothermal tube  and d e p o s i t  c o l l e c t i o n  f i l t e r  
subassembly are monitored continuously using s t ra in-gauge-type p res su re  
t r a n s d u c e r s  and m u l t i p l e  p o r t  p r e s s u r e  t a p  s e l e c t o r  v a l v e s .  
flow rates  are determined from t h e  measured p res su re  drops a c r o s s  t h e  
c a l i b r a t e d  meter ing o r i f i c e s ,  and the downstream t u r b i n e  meter provides  t h e  
t o t a l  flow r a t e  and a cons i s t ency  check of t h e  va lue  ob ta ined  by summing t h e  
i n d i v i d u a l  o r i f i c e  flow r a t e s  ( u s u a l l y  w i t h i n  5 p e r c e n t ) .  T o t a l  e lec t r ica l  
power t o  t h e  heated tubes i s  monitored using an i n d u c t i v e  c u r r e n t  pickup and 
v o l t a g e  t r ansduce r .  However, because o f  unavoidable h e a t  l o s s e s  from t h e  
tubes  t o  t h e  environment, t h e  a c t u a l  hea t  f l u x  app l i ed  t o  each tube is de te r -  
mined from t h e  r ise  i n  f u e l  temperature (i.e.,  s e n s i b l e  en tha lpy )  a c r o s s  each 
heated-tube s e c t i o n .  

I n d i v i d u a l  t ube  
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A l l  t e s t  d a t a  a r e  recorded us ing  a c a l c u l a t i n g  data- logger  micropro- 
c e s s o r .  The d a t a  system conver t s  t h e  output  s i g n a l s  from thermocouples 
p r e s s u r e  t ransducers ,  c u r r e n t  t r ansduce r s ,  v o l t a g e  t r ansduce r s ,  and flow 
meters t o  p r e c i s e l y  sca l ed  d-c vo l t ages  f o r  measurement, but  d i s p l a y s  t h e  d a t a  
i n  engineer ing  u n i t s  through b u i l t - i n  l i n e a r  s c a l i n g  func t ions .  
cathode r a y  tube  provides  a cont inuous d i s p l a y  of  s e l e c t e d  o p e r a t i n g  
v a r i a b l e s .  The d a t a  are recorded au tomat i ca l ly  a t  preprogrammed i n t e r v a l s  on 
paper ,  and i f  d e s i r e d ,  magnetic t ape  and a r e  subsequent ly  reduced on a high- 
speed d i g i t a l  computer. 

A b u i l t - i n  

T e  s t Procedure s 

A s tandard procedure i s  used f o r  tube f a b r i c a t i o n  and i n s t a l l a t i o n .  
P r i o r  t o  i n s t a l l a t i o n ,  t h e  i n s i d e  o f  each tube  subassembly i s  r i n s e d  wi th  
ace tone  and a i r  d r i e d .  I n  a d d i t i o n ,  t h e  s t a i n l e s s  s tee l  wafer specimens are  
c u t  t o  s i z e  from shee t  material ,  degreased by soaking i n  ace tone ,  r i n s e d  wi th  
d i s t i l l e d  water,  and placed i n t o  l a b e l l e d  g l a s s  v i a l s  f o r  ca t a log ing .  The 
wafer specimens a r e  d r i e d  by p l ac ing  t h e  g l a s s  v i a l s  i n  a vacuum furnace  
maintained a t  370 K. Af t e r  weighing each c l e a n  wafer specimen on an a n a l y t i -  
c a l  ba lance  t o  t h e  n e a r e s t  10 pg, i t  i s  crimped i n  p l ace  i n  a s p e c i a l  ho lde r  
which i n  tu rn  i s  i n s t a l l e d  i n s i d e  i t s  r e s p e c t i v e  thermocouple in s t rumen ta t ion  
plenum. During t h e  c l ean ing ,  weighing, and i n s t a l l a t i o n  o p e r a t i o n s ,  c a r e  i s  
taken  t o  handle the  wafer specimens us ing  only  degreased tweezers  t o  avoid 
contaminat ion p r i o r  t o  t e s t .  

Routine p r e t e s t  f a c i l i t y  p repa ra t ion  c o n s i s t e d  of i n s t a l l i n g  c l e a n  test  
tubes ,  wafer specimens,  d e p o s i t  c o l l e c t i o n  f i l t e r s ,  c l ean ing  t h e  upstream f u e l  
f i l t e r s  wi th  a s o l v e n t ,  and v e r i f y i n g  proper  o p e r a t i o n  o f  t h e  c o n t r o l  and d a t a  
a c q u i s i t i o n  systems. P r i o r  t o  r e f u e l i n g  t h e  p i s t o n  accumulators ,  t h e  f u e l  i n  
t h e  supply tank i s  ae ra t ed  by forced c i r c u l a t i o n  through an  i n l i n e ,  s i n t e r e d  
s t a i n l e s s  s t e e l  sparg ing  element connected t o  a f i l t e r e d  a i r  supply.  The 
l e v e l  of  d i sso lved  a i r  i n  t h e  f u e l  i s  known t o  a f f e c t  t h e  d e p o s i t  forming 
p o t e n t i a l  of t h e  f u e l ,  and t h e  a i r  sparg ing  o p e r a t i o n  a s s u r e s  t h a t  a l l  t h e  
f u e l  used i n  t h e  experiments  has  t h e  same l e v e l  of d i s so lved  a i r ,  i .e . ,  as 
c l o s e  t o  t h e  s a t u r a t i o n  va lue  as poss ib l e .  The sparg ing  element i s  an 
e f f e c t i v e  device f o r  a i r  s a t u r a t i n g  t h e  f u e l  because it  provides  a h igh  sur -  
f ace  area t o  volume r a t i o  which promotes i n t i m a t e  c o n t a c t  between t h e  f u e l  and 
a i r .  Typica l ly ,  t h e  sparg ing  process  i s  cont inued u n t i l  t h e  volume o f  f u e l  t o  
be loaded i n t o  t h e  accumulators  passes  through t h e  element seven t i m e s .  

A f t e r  p re s su r i z ing  t h e  accumulators wi th  t h e  n i t r o g e n  d r i v e r  gas ,  t h e  
test  p res su re  and flow r a t e  are e s t a b l i s h e d  i n  t h e  tubes  and t h e  e n t i r e  system 
i s  inspec ted  f o r  f u e l  l eaks .  Provided t h e r e  are no l e a k s ,  t h e  t es t  i s  
i n i t i a t e d  by apply ing  power t o  prehea t  t h e  i so the rma l  tube  oven h e a t e r s .  
Af t e r  about 20 rnin, t he  primary e l e c t r i c  power supply  used t o  hea t  tubes  i s  
a c t i v a t e d ,  and s lowly  increased  t o  hea t  t h e  f lowing f u e l  t o  t h e  d e s i r e d  
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t empera ture .  
s e t p o i n t  i s  t y p i c a l l y  30 t o  45 min. 

T o t a l  t r a n s i e n t  t ime from t e s t  i n i t i a t i o n  t o  t h e  temperature  

During most of  t h e  t e s t s ,  t h e  f u e l  f low rate and i n l e t  and o u t l e t  f u e l  
temperatures  (hence,  input  e l e c t r i c a l  power) are i d e n t i c a l  and maintained 
cons t an t  f o r  t h e  t h r e e  tubes .  A propor t iona l  f u e l  temperature  c o n t r o l l e r  and 
s i l i c o n  c r y s t a l  r e c t i f i e r  main ta in  cons tan t  t h e  a-c e l e c t r i c a l  power t o  t h e  
tubes ,  and the  e l e c t r i c a l l y - d r i v e n  f u e l  meter ing va lve  coupled t o  a meter  
r e l a y  responds t o  t h e  output  of t h e  t u r b i n e  f low meter  t o  hold  t h e  t o t a l  f low 
rate  cons t an t  ( t h e  meter ing o r i f i c e s  a s su re  i d e n t i c a l  flow rates  between 
tubes ) .  In  some runs ,  a b a l l a s t  r e s i s t o r  connected i n  series t o  one of t h e  
tubes  i s  zsed t o  reduce its heat flux by 15 percent  wi th  r e s p e c t  t o  e i t n e r  o f  
t h e  o t h e r  two tubes .  Therefore ,  the appa ra tus  permi ts  d a t a  t o  be  obta ined  
s imul taneous ly  f o r  t h r e e  tubes  a t  i d e n t i c a l  f low r a t e s  and two hea t  f l uxes .  
I n  a d d i t i o n ,  a l l  c o n t r o l  systems are  coupled t o  an i n t e r l o c k  system, and i f  
any c r i t i c a l  ope ra t ing  parameter ( i . e . ,  f u e l  p re s su re  o r  t ube  tempera ture)  
should v a r y  o u t s i d e  of  a s p e c i f i e d  range,  automatic  shutdown would be 
i n i t i a t e d  , thereby  providing f o r  sa fe ,  unat tended ope ra t  ion  du r ing  extended 
d u r a t i o n  runs .  

I n  o rde r  t o  run s e v e r a l  t e s t  du ra t ions  a t  a p re sc r ibed  flow and tempera- 
t u r e  cond i t ion ,  tes ts  are  u s u a l l y  run us ing  a set of f i v e  tubes ;  t h r e e  o f  
which are i n s t a l l e d  i n  t h e  mult iple- tube appara tus  i n i t i a l l y .  The appa ra tus  
i s  opera ted  cont inuous ly  u n t i l  enough t i m e  has  e lapsed  f o r  one of  t h e  tubes  t o  
a t t a i n  i t s  t a r g e t e d  d u r a t i o n ,  o r  u n t i l  a p o r t i o n  of i t  completely f o u l s  w i th  
d e p o s i t .  A t  t h i s  p o i n t ,  t h e  apparatus  i s  s h u t  down, and t h e  tube  and i t s  
wafer specimens a r e  removed and replaced wi th  one of  t h e  c l e a n  assembl ies .  
The appa ra tus  i s  r e s t a r t e d  and t h e  t e s t  con t inues  u n t i l  a second shutdown, a t  
which a second tube i s  removed and replaced wi th  t h e  remaining c l e a n  assembly. 
The appa ra tus  i s  then  r u n  u n t i l  f i n a l  shutdown. T e s t  shutdown i s  i n i t i a t e d  by 
t u r n i n g  o f f  e l e c t r i c a l  power t o  t h e  tubes  and main ta in ing  f u e l  f low f o r  45 min 
t o  permit  s u f f i c i e n t  t i m e  f o r  t h e  high h e a t  capac i t ance  ceramic ovens t o  c o o l  
t o  ambient temperature ,  a s su r ing  that  when f u e l  f low i s  te rmina ted ,  no 
a d d i t i o n a l  coking occurs  i n  t h e  f u e l  t rapped  i n  t h e  i so thermal  tubes .  A f t e r  
f i n a l  shutdown, a l l  tubes  and r e l a t e d  specimens are removed, ca t a loged ,  and 
s t o r e d  f o r  pos t  t es t  a n a l y s i s .  Deposit wafer specimens are r e tu rned  t o  t h e i r  
r e s p e c t i v e  s to rage  v i a l  and maintained under a b lanket  of  low-pressure n i t r o -  
gen, and tubes  are c u t  from t h e  apparatus  and s t o r e d  i n  p l a s t i c  bags a t  room 
tempera ture .  

Because of  t h e i r  r e l a t i v e l y  low s u r f a c e  area which r e s u l t e d  i n  a s h o r t  
f o u l i n g  t i m e ,  d e p o s i t  c o l l e c t i o n  f i l t e r s  were i n s t a l l e d  du r ing  t h e  i n i t i a l  
p o r t i o n s  of  on ly  a few s e l e c t e d  tests t o  document t h e  amount o f  d e p o s i t  
material  c a r r i e d  i n  t h e  f u e l  stream r e l a t i v e  t o  t h e  amount formed on t h e  
upstream tube  s e c t i o n s .  
d e p o s i t  ( i . e . ,  enough t o  cause excess ive  p r e s s u r e  l o s s e s  and prevent  f u r t h e r  
o p e r a t i o n  of  t h e  appara tus)  w a s  trapped on each d e p o s i t  c o l l e c t i o n  f i l t e r  i n  
about 6 h r  a f t e r  tes t  s t a r t u p .  Once t h e  f i l t e r s  were removed, t h e  t es t  was 
cont inued without  i n s t a l l i n g  replacements- 

A t  any condi t ion  run  i n  t h i s  program, s i g n i f i c a n t  
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Deposit  Cha rac t e r i za t ion  and Data Reduction 

The quan t i ty  of  carbon depos i ted  i n  each tube  and on each depos i t  co l l ec -  

The amounts of  t o t a l  d e p o s i t  (carbon and o t h e r  c o n s t i t u e n t s )  
t i o n  f i l t e r  i s  measured by ox id iz ing  t h e  d e p o s i t  i n  oxygen wi th  a n a l y s i s  o f  
t h e  evolved C O P .  
formed on the s t a i n l e s s  s t e e l  wafer specimens are determined by weighing them 
p r i o r  and subsequent t o  t es t .  P r i o r  t o  a n a l y s i s ,  a l l  tube ,  f i l t e r ,  and wafer 
specimens a re  vacuum d r i e d  a t  370 K f o r  about twelve hours  t o  remove any 
r e s i d u a l  l i qu id  f u e l .  

.” 

‘I 

As shown i n  Fig.  3, equally-spaced s e c t i o n s  (each approximately 6.4 c m  
long)  are c u t  from t h e  hea ted  and i so thermal  tubes  and used i n  t h e  d e p o s i t  
o x i d a t i o n  ana lys i s ;  o t h e r  s e c t i o n s  of t h e  tubes  are s l i c e d  i n t o  l o n g i t u d i n a l  
s e c t i o n s  which are mounted, po l i shed ,  and examined mic roscop ica l ly .  A s p e c i a l  
tube holding f i x t u r e  and jewelers s a w  a r e  used t o  s e c t i o n  t h e  tubes .  The 
numbers ind ica ted  on t h e  i n d i v i d u a l  tube  s e c t i o n s  of  Fig.  3 i d e n t i f y  t h e  
p o s i t i o n s  of t h e  s e c t i o n s  as measured i n  inches  from t h e  i n l e t  of  t h e  heated 
tube  . 

The depos i t  o x i d a t i o n  appara tus ,  shown schemat i ca l ly  i n  Fig.  4 ,  i s  
designed t o  permit t h e  s imultaneous a n a l y s i s  of  s e v e r a l  depos i t  specimens 
through t h e  use of  i n d i v i d u a l  sampling l i n e s  arranged i n  p a r a l l e l  and placed 
wi th in  a common furnace.  A f t e r  t h e  tube  o r  f i l t e r  s e c t i o n s  are i n s t a l l e d  i n  
t h e  high-temperature (approximately 870 K) l a b o r a t o r y  furnace ,  each depos i t  i s  
r e a c t e d  wi th  a s e p a r a t e l y  metered flow of  oxygen d i r e c t e d  through t h e  i n s i d e  
of t he  tube .  The e f f l u e n t  gas  stream from each i n d i v i d u a l  tube specimen 
passes  through a plat inum/pal ladium c a t a l y t i c  conve r t e r  t o  ensu re  complete 
ox ida t ion  of a l l  carbonaceous s p e c i e s  t o  Cog, and c o l l e c t s  i n  a prev ious ly  
evacuated g l a s s  f l a s k  f o r  subsequent a n a l y s i s .  
t he  product gases i s  cont inuous ly  monitored us ing  an o n l i n e ,  nondispers ive  
i n f r a r e d  ana lyzer ,  and t h e  burnoff  process  con t inues  u n t i l  t h e r e  i s  no 
evidence o f  f u r t h e r  evo lu t ion  of  C O P .  A t  t h e  conclus ion  o f  t h e  bu rnof f ,  t h e  
t o t a l  mass and average composition o f  t h e  product g a s e s  c o l l e c t e d  from ind i -  
v i d u a l  t ube  specimens i s  determined,  and t h e  mass o f  carbon i n  each d e p o s i t  
specimen is  ca l cu la t ed  from a mass ba lance .  

.. 

The concen t r a t ion  of  COP i n  * 

The minimum carbon mass t h a t  could be a c c u r a t e l y  measured on a s tandard  
tube  s e c t i o n  us ing  t h e  d e p o s i t  ox ida t ion  appa ra tus  w a s  determined t o  be 
200 pg, and the weighing procedure used f o r  t h e  wafer specimens w a s  a c c u r a t e  
t o  t h e  n e a r e s t  10 pg. Also,  t h e  accuracy of t h e  d e p o s i t  o x i d a t i o n  appara tus  
w a s  v a l i d a t e d  by performing s e v e r a l  c a l i b r a t i o n  runs  du r ing  t h e  program i n  
which preweighed samples  o f  spectrographic-grade carbon ( ranging  from 4 t o  
12 mg) were oxidized.  Agreement between t h e  amount of carbon input  and t h e  
amount c a l i b r a t e d  i n  t h e  exhaus t  products  was f: 5 pe rcen t  f o r  75 percent  o f  
t h e  c a l i b r a t i o n  samples t e s t e d .  
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The carbon mass as determined from t h e  d e p o s i t  o x i d a t i o n  a n a l y s i s  i s  used 
t o  compute t h e  normalized ra te  of carbon d e p o s i t i o n  d e f i n e d  as t h e  mass of 
carbon d iv ided  by t h e  i n s i d e  l a t e r a l  s u r f a c e  area o f  t h e  tube s e c t i o n  and t h e  
t o t a l  t e s t  t i m e ;  and it i s  expressed i n  u n i t s  of pg/cm2-hr. Since t h e  accumu- 
l a t i o n  of d e p o s i t  on t h e  tube  w a l l  reduces t h e  i n s i d e  l a t e r a l  s u r f a c e  area, a n  
average of t h e  c l e a n  tube  area and f i n a l  d e p o s i t  area w a s  used i n  c a l c u l a t i n g  
t h e  ra te  o f  carbon d e p o s i t i o n  parameter. T h i s  was accomplished by examining 
mic roscop ica l ly  a t  low power ( 3 2  X) s e v e r a l  l o n g i t u d i n a l  t ube  s e c t i o n s  
(Fig.  3) from s e l e c t e d  t es t s ,  measuring t h e  average d e p o s i t  t h i c k n e s s e s ,  and 
using t h e  tube d e p o s i t  mass determinat ions t o  compute a d e p o s i t  d e n s i t y .  
Because t h e  d e p o s i t  d e n s i t y  w a s  found t o  be i n v a r i a n t  f o r  tes ts  r u n  a t  t h e  
same f u e l  v e l o c i t y ,  e f f e c t i v e  deposit t h i c k c e s s e s  and average s a r f a c e  areas 
were i n  t u r n  c a l c u l a t e d  for  a l l  specimens processed through t h e  d e p o s i t  
ox ida t  ion technique.  

Due t o  the  l a r g e  number of specimens generated i n  t h e  program, t h e  
d e p o s i t  r a t e  and e f f e c t i v e  thickness  c a l c u l a t i o n s  were automated u s i n g  a 
computer program. I n  a d d i t i o n ,  t h e  computer program c o l l a t e d  i n  conc i se  
summary t a b l e s  t h e  o n l i n e  temperature and flow d a t a  t i m e - h i s t o r i e s  from t h e  
tube tes ts  with t h e  d e p o s i t  mass determinat ions.  

Test Matr ix  

The test  ma t r ix ,  shown i n  Tables I I I - A  and I I I - B ,  comprised twenty-nine 
tests f o r  Jet A and Suntech A. A t e s t  code i d e n t i f i e s  each s e p a r a t e  r u n  and 
provides  an i m p l i c i t  summary of t h e  experimental  c o n d i t i o n s  f o r  t h a t  r u n  ( s e e  
f o o t n o t e s  a t  t h e  bottom o f  Tables  ILI-A and III-B).  The t e s t  c o n d i t i o n s  were 
chosen t o  provide a d a t a  base f o r  f u e l  d e p o s i t i o n  i n  i n t e r n a l  flow passages 
under forced-convective cond i t ions  s imula t ing  t h e  environment o f  a modern 
a v i a t i o n  gas  t u r b i n e  f u e l  sys tem.  The o b j e c t i v e  w a s  t o  develop a c o r r e l a t i o n  
r e l a t i n g  a c c e l e r a t e d  t e s t i n g  deposi t  formation d a t a  a t  high temperature  t o  
long term coking (hundreds of hours) a t  more moderate temperatures .  
l y ,  t h i s  i n fo rma t ion  could be incorporated i n t o  a d e s i g n  a lgo r i thm f o r  u se  i n  
p r e d i c t i n g  coking ra tes  i n  f u e l  system components under s e r v i c e  c o n d i t i o n s .  
I n d i v i d u a l  t es t s  were designed t o  e l u c i d a t e  t h e  e f f e c t s  of ( 1 )  w a l l  tempera- 
t u r e ,  ( 2 )  wall-to-bulk f u e l  t empera tu re  d i f f e r e n c e ,  ( 3 )  f u e l  v e l o c i t y ,  ( 4 )  
f u e l  r e s i d e n c e  t i m e  du r ing  h e a t i n g ,  and (5) t o t a l  t es t  ( o p e r a t i n g )  t i m e .  

U l t i m a t e -  

A l l  tests were conducted a t  the nominal i n l e t  c o n d i t i o n s  t o  t h e  hea ted  
tube c o n s i s t i n g  of a p re s su re  of 3.4  MPa and a f u e l  temperature  of 290 K f o r  
hea t  f l u x e s  between 0.9 and 30 W/cm*. 
from 50 t o  730 h r  were run  a t  a fue l  i n l e t  v e l o c i t y  o f  0.07 m/s ( f low r a t e  = 
0.73 kg /h r  a t  R e  = 70) and maximum f u e l  temperatures  a t  t h e  heated tube  o u t l e t  

Long-term tests with d u r a t i o n s  ranging 
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of  420 and 450 K. Short  term t e s t s  l a s t i n g  under 50 h r  i n  d u r a t i o n  were run  
a t  f u e l  i n l e t  v e l o c i t i e s  of  0.07 m / s  and 1.3 m / s  ( f l ow r a t e  = 13.2 kg/hr  a t  
Re  = 920) and maximum f u e l  o u t l e t  temperatures  o f  420, 490, 505, and 560 K.  
Because t h e  f u e l  p re s su re  throughout t h e  tube  was maintained above t h e  c r i t i -  
c a l  p re s su re  (2.2 MPa) and t h e  maximum tube  temperature  u s u a l l y  d i d  not  exceed 
t h e  c r i t i c a l  temperature  (670 K ) ,  t h e  f u e l  was i n  a compressed l i q u i d  s t a t e .  

The program began by conduct ing a s e r i e s  of sho r t -du ra t ion  tests ( n o t  
shown) us ing  Jet  A t o  e s t a b l i s h  t h e  ope ra t ing  c h a r a c t e r i s t i c s  o f  t h e  m u l t i p l e  
tube  experimental  appa ra tus ,  i nc lud ing  t h e  degree t o  which cond i t ions  i n  
i n d i v i d u a l  tubes could be maintained i d e n t i c a l ,  and t o  v e r i f y  proper  ope ra t ion  
of  t h e  assoc ia ted  d a t a  a c q u i s i t i o n  and automatic c o n t r o l  systems. 
r e s u l t ,  flow ( v e l o c i t y )  and temperature  cond i t ions  between tubes  were found t o  
be i d e n t i c a l  t o  wi th in  5 percent .  Subsequent t o  t h e s e  e v a l u a t i o n s ,  a series 
of  p r e c i s i o n  tests us ing  t h r e e  tubes  (see Runs 5 t o  7 ,  Table III-A) were 
conducted a t  a cond i t ion  where t h e  f u e l  o u t l e t  temperature  w a s  he ld  a t  560 K 
f o r  20 h r .  A t  t h e  end of  t h e s e  tes ts ,  s e c t i o n s  from t h r e e  s e l e c t e d  tube  
p o s i t i o n s  (-18, -21, -24 s t a t i o n s  i n  Fig.  3 )  were c u t  from each tube ,  and t h e  
d e p o s i t  formation r a t e s  f o r  each of  t h e s e  s e c t i o n s  were cha rac t e r i zed  us ing  
t h e  d e p o s i t  ox ida t ion  procedure.  A t  each of t h e  t h r e e  tube  p o s i t i o n s ,  t h e  
v a r i a t i o n  i n  t h e  carbon d e p o s i t i o n  r a t e s  between tubes  d i d  not  exceed 22 
pe rcen t ,  w i t h  75 percent  of  t h e  specimens analyzed f a l l i n g  w i t h i n  a bandwidth 
o f  10 percent .  

A s  a 
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EXPERIMENTAL, RESULTS AND DISCUSSION 

I n  t h i s  s e c t i o n ,  t he  d a t a  f o r  the  heated-tube tests and t h e  d e p o s i t  mass 
loading  c h a r a c t e r i z a t i o n s  conducted f o r  J e t  A and Suntech A a r e  presented .  
Based on t h e  t r e n d s  common t o  a l l  the experimental  d a t a ,  a two-step chemical 
r e a c t i o n  i s  formulated and appl ied  t o  a w e l l - s t i r r e d  r e a c t o r  model o f  t h e  tube  
experiment t o  p r e d i c t  f u e l  ox ida t ion  and d e p o s i t  formation as a func t ion  of 
temperature  and r e s idence  t i m e .  In t u r n ,  t h e  r e a c t i o n  model provides  a 
s i m i l a r i t y  parameter ressembling an o v e r a l l  d e p o s i t i o n  r a t e  cons t an t  which i s  
used t o  c o r r e l a t e  t h e  d a t a  i n  a form account ing f o r  the combined e f f e c t s  of  
f u e l  temperature-tir??e histcry (residence t h e ) ,  t e s t  d u r a t i o n ,  and l o c a l  
s u r f a c e  temperature .  

Deposit Formation Data 

Tube Wall Temperature and Fuel Veloc i ty  D i s t r i b u t i o n s  

F igures  5 through 7 summarize the wal l  and computed f u e l  temperature  
d i s t r i b u t i o n s  a s  a func t ion  of t ime along t h e  hea ted  and i so thermal  tubes  €or 
s e l e c t e d  tes t s  showing t h e  f u l l  range of cond i t ions  run f o r  Jet  A and 
Suntech A; i . e . ,  low v e l o c i t y  (0.07 m/s) and h igh  v e l o c i t y  (1.3 m/s) d a t a  f o r  
Jet  A i n  F igs .  5 and 6 ,  r e s p e c t i v e l y  and low v e l o c i t y  d a t a  f o r  Suntech A i n  
Fig.  7. Also, Fig.  8 shows t h e  fue l  ax ia l  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  
heated and i so thermal  tubes  which were c a l c u l a t e d  us ing  t h e  f u e l  temperature  
p r o f i l e s  i n  F igs .  5 through 7 and the f u e l  d e n s i t y  informat ion  given i n  Table  
11. Figures  5 and 7 a r e  f o r  t he  condi t ion  where t h e  flow remains laminar 
(Re < 2000) along t h e  e n t i r e  length  of tube ,  and Fig .  6 denotes  a cond i t ion  
where t h e  flow t r a n s i t i o n s  from laminar t o  t u r b u l e n t  a t  about 20 cm from t h e  
i n l e t .  The laminar flow d a t a  of Figs .  5 and 7 a r e  c h a r a c t e r i z e d  by tube  w a l l  
temperatures  t h a t  i nc rease  monotonically and almost l i n e a r l y  wi th  a x i a l  
p o s i t i o n ,  whereas t h e  d a t a  of Fig.  6 e x h i b i t  a s h a r p  peak i n  w a l l  temperature  
i n  t h e  i n l e t  reg ion  and ha8 been observed elsewhere (Ref. 9 ) .  

Because t h e  appl ied  hea t  f l u x  and f u e l  f low rate t o  t h e  tube  remain 
cons t an t  over  t ime,  t h e  r i s e  i n  i n i t i a l  w a l l  t empera ture  shown i n  F igs .  5 
through 7 i s  a r e s u l t  of an increase  i n  e f f e c t i v e  thermal  r e s i s t a n c e  owing t o  
t h e  e x t e n t  of t h e  growth of  d e p o s i t  on t h e  i n s i d e  tube  s u r f a c e ,  i .e. ,  t h e  
g r e a t e s t  r e l a t i v e  w a l l  temperature  increase  corresponds t o  t h e  t h i c k e s t  
d e p o s i t .  Also, because of  t h e  r e l a t i v e l y  low h e a t  f l u x e s  t e s t e d  i n  t h i s  
program, t h e  r a d i a l  temperature  g rad ien t s  ac ross  t h e  tube  w a l l  are n e g l i g i b l e .  
Therefore ,  t o  a f i r s t  approximation, t h e  o u t e r  w a l l  t empera ture  equa l s  t h e  
inne r  w a l l  temperature ,  and t h e  temperature a t  t h e  i n t e r f a c e  between t h e  f u e l  
and t h e  d e p o s i t  l a y e r  which forms equals  t h e  i n i t i a l  i n n e r  w a l l  temperature .  
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Although depos i t  formation i s  known t o  be an i n c r e a s i n g  func t ion  of 
temperature ,  F igs .  5 through 7 i n d i c a t e  t h a t  t h e  g r e a t e s t  r i s e  i n  w a l l  temper- 
a t u r e  (hence,  t h e  t h i c k e s t  depos i t  formed) does no t  a lways  occur  on t h e  
s e c t i o n  of  tube ope ra t ing  a t  t h e  h ighes t  w a l l  temperature .  I n  f a c t ,  as seen  
f o r  t h e  h igh  temperature ,  low v e l o c i t y  c a s e s  ( F i g s .  5 and 7 1 ,  maximum 
inc reases  i n  w a l l  temperature  a r e  observed a t  an in t e rmed ia t e  w a l l  temperature  
which occurs  a t  a p o s i t i o n  about 55 cm from t h e  i n l e t .  Downstream of  t h i s  
l o c a t i o n ,  wall temperatures  remains n e a r l y  cons t an t  over  t i m e  and sugges ts  
no d e p o s i t  f o r m s .  A s  w i l l  be d iscussed  la te r ,  t h e  ra tes  o f  carbon d e p o s i t i o n  
f o r  t hese  r u n s  reach  a maximum at  t h i s  tube  p o s i t i o n ,  and i t  i s  be l ieved  t h a t  
t h i s  phenomenon i s  r e l a t e d  t o  t h e  degree  o f  o x i d a t i o n  t h e  f u e l  h a s  undergone 
i n  upstream s e c t i o n s  of  t h e  heated tube.  
shown i n  Fig.  6, t h e  accumulation of  d e p o s i t  i n  t h e  i n l e t  s e c t i o n  o f  t h e  tube  
moves t h e  sharp peak i n  t h e  i n i t i a l  w a l l  t empera ture  p r o f i l e  t o  an upstream 
p o s i t i o n .  This may be a t t r i b u t e d  t o  t h e  i n c r e a s e  i n  s u r f a c e  roughness from 
depos i t  growth and i t s  e f f e c t  on the  energy t r a n s p o r t  occu r r ing  i n  t h e  v i scous  
sublayer  of t he  t u r b u l e n t  v e l o c i t y  p r o f i l e .  
i s  more apparent i n  t u r b u l e n t  flow because t h e  v i scous  sub laye r  of  t h e  
t u r b u l e n t  v e l o c i t y  p r o f i l e  i s  many t i m e s  t h i n n e r  t han  t h a t  i n  t h e  laminar  
case  ( a  f ac to r  of  f i f t e e n  a t  R e  = 2000). 

Also,  f o r  t h e  h igh  v e l o c i t y  run 

The e f f e c t  o f  su r f ace  roughness 

E f f e c t  of Fuel Ve loc i ty  on Deposit  Dens i ty  

The d i s t i n c t  c h a r a c t e r s  of t h e  Jet  A and Suntech A f u e l  d e p o s i t s  ob ta ined  
on t h e  tubes  as a func t ion  of  f u e l  i n l e t  v e l o c i t y  are  shown photographica l ly  
i n  F igs .  9 ( long i tud ina l  s e c t i o n s )  and 10 ( t r a n s v e r s e  s e c t i o n s )  a t  a common 
tes t  condi t ion  c o n s i s t i n g  o f  an i n i t i a l  t ube  tempera ture  of  about 580 K. A 
s e c t i o n  of c lean  tube i s  a l s o  shown f o r  comparison i n  Fig.  9. A s  shown i n  
t h e  f i g u r e s  f o r  t h e  low v e l o c i t y  cond i t ion  (0.07 m/s), t h e  d e p o s i t  appears 
c e l l u l a r  w i t h  a s t r u c t u r e  t h a t  could be desc r ibed  as f i lamentous .  The 
carbonaceous mass i s  i r r e g u l a r  and o f t e n  appears  as lumps. However, f o r  J e t  A 
a t  high v e l o c i t y  (1 .3  m/s) ,  coverage of tube  s u r f a c e  by d e p o s i t  i s  more 
uniform, and t h e  depos i t  appears  amorphous. The h ighe r  w a l l  shea r  a s s o c i a t e d  
wi th  t h i s  condi t ion  probably suppresses  growth of  t h e  c e l l u l a r  d e p o s i t  charac- 
t e r i s t i c  of the  low v e l o c i t y .  Using t h e  d e p o s i t  t h i c k n e s s e s  as measured from 
t h e  photographs i n  F igs .  9 and 10 and t h e  d e p o s i t  m a s s  loading  information 
from t h e  ox ida t ion  ana lyses ,  t h e  average d e p o s i t  d e n s i t i e s  are 0.08 g /cc  and 
0.8 g/cc based on carbon con ten t  f o r  t h e  low and h igh  v e l o c i t y  c o n d i t i o n s ,  
r e s p e c t i v e l y .  Consequently,  even though t h e  d e p o s i t  mass loading  pe r  u n i t  
area i s  near ly  t h e  same on each of  t h e  tube  s e c t i o n s  shown i n  Fig.  10 ,  t h e  
apparent  depos i t  t h i c k n e s s  i s  s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  low v e l o c i t y  
specimen because of t h e  lower depos i t  d e n s i t y .  

Rates of Carbon Depos i t ion  f o r  J e t  A a t  Low V e l o c i t y  

Using t h e  depos i t  o x i d a t i o n  a n a l y s i s  procedure desc r ibed  ea r l i e r ,  t he  
r a t e s  of carbon d e p o s i t i o n  were eva lua ted  f o r  a l a r g e  number of  6.35-cm-long 
tube  sec t ions  f o r  t he  runs  shown previous ly  i n  t h e  comprehensive t es t  ma t r ix  
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( s e e  Tables  I I I - A  and III-B). The time-average r a t e s  of  carbon d e p o s i t i o n  f o r  
Jet  A a t  low v e l o c i t y  (0.07 m / s >  and f o r  long d u r a t i o n  ( t e s t  d u r a t i o n  50 h r )  
a r e  p l o t t e d  as a func t ion  of  i n i t i a l  w a l l  temperature  i n  Fig.  11. Only d a t a  
from t h e  heated tube po r t ion  of t he  experiment i s  shown; t h e  i so thermal  tube  
d a t a  w i l l  be d iscussed  l a t e r .  The s e l e c t i o n  o f  t h e  i n i t i a l  w a l l  t empera ture  
as t h e  c o r r e l a t i n g  parameter assumes t h a t  ( 1 )  t h e  d e p o s i t i o n  r e a c t i o n  occur s  
a t  t h e  i n t e r f a c e  between t h e  f u e l  and d e p o s i t  l a y e r  which forms i n s i d e  t h e  
tube,  ( 2 )  t h e  i n i t i a l  c l e a n  tube  wall temperature  equa l s  t h e  temperature  a t  
t h e  i n t e r f a c e  between t h e  f u e l  and t h e  d e p o s i t  l a y e r  because t h e  h e a t  f l u x  and 
f lowra te  appl ied  t o  t h e  tube are constant  wi th  t i m e ,  and ( 3 )  t h e  measured 
o u t e r  w a l l  temperature  i s  approximately equal  t o  t h e  i n n e r  w a l l  t empera ture  
bezailae of t h e  Tiegliglble thermal  r e s i s t a n c e  of  t h e  tube  w a l l .  
temperature  i s  p ropor t iona l  t o  t h e  d i s t a n c e  from t h e  heated-tube i n l e t  (see 
Fig.  51, Fig. 11 can be thought of as a p l o t  of d e p o s i t  r a t e s  v s .  a x i a l  
p o s i t i o n  along t h e  tube .  

Because wall 

A t  a g iven  tes t  d u r a t i o n ,  Fig.  11 shows a t r end  of  monotonical ly  
i n c r e a s i n g  rates of carbon depos i t i on  t o  a peak va lue  w i t h  i n c r e a s i n g  tube  
w a l l  temperature  ( p o s i t i o n )  i n  t h e  range of 425 K t o  500 K ,  and a t  tempera- 
t u r e s  above 500 K,  depos i t  rates decrease s l i g h t l y  from t h e i r  peak va lues .  As 
can be determined from F.ig. 8 ,  t h e  res idence  time of t h e  f u e l  i n  t h e  tube  
p r i o r  t o  t h i s  peak i s  about 13  s, and t h i s  t r e n d  has  been observed p rev ious ly  
i n  experiments  with heated tubes  (Ref. 9). The r easons  f o r  t h e  shape of  t h e  
curve  have no t  been e s t a b l i s h e d  w i t h  c e r t a i n t y ,  bu t  i t  i s  be l ieved  t h a t  as t h e  
f u e l  i s  hea ted ,  a c t i v e  oxygenated spec ies  such as hydroperoxides  (which are 
p recu r so r s  t o  depos i t  formation) are  formed and dep le t ed  along t h e  tube ,  and 
provided t h e  d i s so lved  oxygen concent ra t ion  i n  t h e  f u e l ,  t h e  tube  w a l l  
t empera ture ,  and f u e l  r e s idence  time dur ing  h e a t i n g  are s u f f i c i e n t l y  h igh ,  a 
maximum w i l l  occur  i n  t h e  d e p o s i t  r a t e  v s .  temperature  r e l a t i o n s h i p .  

The depos i t  produced i n  t h e  t e s t s  p l o t t e d  i n  Fig.  11 were s i m i l a r  i n  
appearance t o  those  shown f o r  t h e  l o w  v e l o c i t y  c o n d i t i o n  f o r  J e t  A i n  F igs .  9 
and 10. Deposit t h i cknesses  i n  excess of  0.05 cm (one-quarter  of  t h e  tube 
i n s i d e  d iameter )  were common over  a s i g n i f i c a n t  p o r t i o n  o f  t h e  tube  f o r  t e s t  
d u r a t i o n s  g r e a t e r  than 100 h r .  I n  f a c t ,  plugging o f  t h e  tubes  (which forced 
test  t e rmina t ion )  occurred a t  t h e  o u t l e t  of t h e  hea ted  tubes  f o r  the 157, 640, 
and 730 h r  tests.  Also, a good example of  t h e  r e p e a t a b i l i t y  of  t h e  d a t a  is 
shown by examining t h e  c l o s e  correspondence between t h e  d e p o s i t  rates f o r  t h e  
640 and 730 h r  t es t s  and t h e  d a t a  poin ts  f o r  t h e  157 h r  t e s t  where i n  t h e  
l a t t e r  t h e  r e s u l t s  from two t e s t s  a re  shown (Runs 11 and 12, Table III-A).  

The e f f e c t  o f  t es t  d u r a t i o n  on depos i t  rates i s  a l s o  ev iden t  i n  F ig .  11 
which shows an apparent  i nc rease  i n  t h e  rates o f  carbon d e p o s i t i o n  f o r  a f ixed  
va lue  o f  w a l l  temperature  as t e s t  dura t ion  i n c r e a s e s ,  i .e . ,  t h e  t o t a l  d e p o s i t  
produced does  n o t  s c a l e  l i n e a r l y  with t e s t  d u r a t i o n .  
more c l e a r l y  i n  F ig .  1 2 ,  where t h e  depos i t  mass loading  (mass o f  d e p o s i t  per  
u n i t  s u r f a c e  a rea )  d a t a  used t o  cons t ruc t  Fig.  11 have been i n t e g r a t e d  t o  

This e f f e c t  is shown 
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produce a plot  o f  cumulat ive d e p o s i t  as a f u n c t i o n  o f  p o s i t i o n  along t h e  t u b e ,  
i . e . ,  i n i t i a l  w a l l  temperature .  Where necessary ,  t h e  d a t a  o f  Fig.  11 have 
been ex t r apo la t ed  t o  encompass p o r t i o n s  of t h e  hea ted  tube  n o t  analyzed f o r  
depos i t  mass t o  produce t h e  cont inuous curves  shown i n  F ig .  12. 
from Fig.  1 2  a t  a f ixed  va lue  of  w a l l  temperature ,  d e p o s i t  formation acce le r -  
ates a t  a nonl inear  ra te  with r e spec t  t o  t es t  d u r a t i o n ,  and as w i l l  be shown 
l a t e r ,  t h e  t o t a l  d e p o s i t  produced s c a l e s  w i th  approximately t h e  t h i r d  power o f  
t i m e .  Also,  it i s  i n t e r e s t i n g  t o  no te  i n  F ig .  12 t h a t  a l though t h e  640-hr and 
157-hr t es t  tubes  a r e  opera ted  a t  s l i g h t l y  d i f f e r e n t  w a l l  t empera tures ,  t h e  
t o t a l  depos i t  t o  produce plugging i n  each i s  t h e  same. 

As i s  ev iden t  

S imi l a r ly ,  t h e  rates of  carbon d e p o s i t i o n  (F ig .  13a)  and cumulative 
carbon depos i t  (F ig .  13b) a r e  p l o t t e d  as a f u n c t i o n  of  i n i t i a l  tube  w a l l  
temperature  for  Jet  A a t  low v e l o c i t y  and s h o r t  d u r a t i o n  ( 4  t o  20 h r ) .  
Contrary t o  the longer  d u r a t i o n  tes t  d a t a  o f  F ig .  12, which were conducted a t  
a lower range of  w a l l  temperature ,  F ig .  13  i n d i c a t e s  t h a t  f o r  tests l a s t i n g  
between 4 and 2 0  h r  and f o r  w a l l  temperatures  i n  t h e  range of 500 and 625 K ,  
t h e  r a t e s  of carbon depos i t i on  do not  i n c r e a s e  wi th  t i m e ;  t h e r e f o r e ,  t h e  t o t a l  
carbon depos i ted  i n  t h e  tube i s  p ropor t iona l  t o  t es t  t i m e .  Also,  t h e  maximum 
depos i t  th icknesses  observed f o r  t h e  tes ts  shown i n  Fig.  13  d i d  not  exceed 
0.05 cm. Because t h e  s t r u c t u r e  of t h e  d e p o s i t  produced a t  low f u e l  v e l o c i t y  
i s  c e l l u l a r  having a s i g n i f i c a n t  i n t e r n a l  s u r f a c e  area, prev ious ly  formed 
d e p o s i t  on a s e c t i o n  of  tube  could become a c t i v e  and s e r v e  t o  enhance f u r t h e r  
depos i t i on .  This  enhancement e f f e c t  would be expected t o  be g r e a t e s t  f o r  t h e  
longer  du ra t ion  t e s t s  where t h i c k  d e p o s i t s  e x i s t  f o r  a s i g n i f i c a n t  p o r t i o n  of  
t h e  t o t a l  t e s t  d u r a t i o n .  Also,  t h e  presence o f  a de f ined  maximum a t  about 
550 K i n  t h e  d e p o s i t  r a t e  v s .  temperature  curve  of  Fig.  13a occurs  a t  t h e  
poin t  where the f u e l  r e s idence  t i m e  i s  about 5 s and i s  more apparent  t han  i n  
Fig.  11. 
d e p l e t i o n  of  a c t i v e  oxygenated spec ie s  a long t h e  tube ,  i t  i s  expected t h a t  
t h i s  maximum would be more pronounced a t  h i g h e r  w a l l  t empera tures .  

Based on t h e  prev ious  d i s c u s s i o n  r ega rd ing  t h e  formation and 

Note tha t  t h e  d a t a  shown f o r  t h e  20-hr c o n d i t i o n  i n  Fig.  13a comprise 
t h r e e  sepa ra t e  r u n s  (Runs 5 through 7 ,  Table 111-A) and i n d i c a t e  t h e  r e l a t i v e -  
l y  good prec is ion  f o r  most of  t h i s  experiment.  However, t h e  d e p o s i t  r a t e  d a t a  
f o r  w a l l  temperatures  below 490 K are s c a t t e r e d  because t h e  masses of  d e p o s i t  
produced on these  tube  s e c t i o n s  approach t h e  minimum va lue  f o r  which t h e  
d e p o s i t  ox ida t ion  procedure y i e l d s  a c c u r a t e  r e s u l t s .  

E f f e c t  of  Test  Dura t ion  on Deposit  Formation 

In  order  t o  more f u l l y  i n v e s t i g a t e  t h e  e f f e c t  o f  test  d u r a t i o n  on d e p o s i t  
formation r a t e ,  a composite p l o t  o f  t h e  smoothed long and s h o r t  d u r a t i o n  d a t a  
f o r  Jet  A a t  low v e l o c i t y  i s  shown i n  Fig.  14. 
t o n i c ,  on ly  the r eg ion  where depos i t  r a t e  i n c r e a s e s  wi th  tempera ture  are  

Where t h e  d a t a  are nonmono- 
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shown. 
t i o n  than t h e  d a t a  i n  r eg ions  where depos i t  ra te  d e c r e a s e s  wi th  temperature  
such as i n  Fig.  13. 
of t he  f u e l  i n  t h e  tube  t o  be of general  va lue .  

These d a t a  (F ig .  14) can be considered t o  have a more g e n e r a l  app l i ca -  

The la ter  d a t a  a r e  t o o  c l o s e l y  r e l a t e d  t o  r e s i d e n c e  t i m e  

It can be seen i n  Fig.  14 t h a t  run t i m e  has  a s i g n i f i c a n t  e f f e c t  on 
d e p o s i t  r a t e ,  and t h i s  e f f e c t  i s  explored f u r t h e r  by c r o s s p l o t t i n g  t h e  d a t a  i n  
Fig.  14 ,  t ransforming t h e  d e p o s i t  r a t e  t o  a d e p o s i t  mass load ing ,  and 
r e p l o t t i n g  t h i s  parameter a g a i n s t  run t ime i n  Fig.  15. 
t h e  l i n e s  i n  Fig.  15 a t  cons t an t  wall temperature i s  t h r e e ,  i . e . ,  d e p o s i t  m a s s  
i n c r e a s e s  with t h e  t h i r d  power of t i m e .  
exp lana t ion  f o r  t h i s  non l inea r  behavior i s  t h a t  t h e  s u r f a c e s  produced by t h e  
d e p o s i t  may become a c t i v e  and r e s u l t  i n  a r a p i d  i n c r e a s e  i n  depos i t ed  mass. A 
s imi l a r  set of l i n e s  produced by p l o t t i n g  d e p o s i t  t h i c k n e s s  a g a i n s t  run t i m e ,  
assuming c o n s t a n t  s p e c i f i c  g r a v i t y  of 0.08, i s  shown i n  Fig.  16. It can  be 
seen t h a t  d e p o s i t  t h i ckness  reached va lues  i n  excess  o f  0.1 cm which r e s u l t e d  
i n  plugging of t h e  tube.  

The average s l o p e  o f  

As presen ted  e a r l i e r ,  one p o s s i b l e  

A ques t ion  arises a s  t o  whether t h e  apparent n o n l i n e a r  r e l a t i o n s h i p  
between d e p o s i t  formation and t e s t  time p resen ted  i n  Fig.  15 i s  a f f e c t e d  by 
t h e  manner i n  which t h e  d a t a  a r e  p lo t t ed .  Ea r l i e r ,  i t  w a s  p o s t u l a t e d  t h a t  t h e  
tube  i n i t i a l  w a l l  temperature  i s  the  a p p r o p r i a t e  c o r r e l a t i n g  parameter f o r  t h e  
d e p o s i t i o n  d a t a  because when the heat f l u x  and flow rate app l i ed  t o  t h e  tube  
a r e  h e l d  c o n s t a n t ,  t h e  temperature  of t h e  i n t e r f a c e  between t h e  f u e l  and t h e  
d e p o s i t  which forms i s  a lways  equal  t o  t h e  i n i t i a l  c l e a n  t u b e  w a l l  tempera- 
t u r e .  
t h i c k n e s s  d e p o s i t s  where a l l  a d d i t i o n a l  d e p o s i t  forms on t h e  exposed s u r f a c e .  
However, i t  would no t  hold f o r  t h i c k ,  h i g h l y  c e l l u l a r  d e p o s i t s  (such as t h o s e  
observed i n  t h e s e  experiments) having s i g n i f i c a n t  i n t e r n a l  temperature  
g r a d i e n t s .  Because t h e  i n s i d e  temperature o f  t h e  s u r f a c e  of t h e  d e p o s i t  
ad j acen t  t o  t h e  tube w a l l  i s  r i s i n g  with t i m e  (due t o  t h e  i n c r e a s e  i n  thermal 
r e s i s t a n c e  from t h e  accumulation of d e p o s i t ) ,  t h e  a d d i t i o n a l  d e p o s i t  which 
forms i n  t h e  s t agnan t  f u e l  trapped i n  t h e  void volumes o f  a porous d e p o s i t  may 
be produced a t  an e f f e c t i v e  temperature which i s  s i g n i f i c a n t l y  g r e a t e r  t han  
t h e  i n i t i a l  w a l l  va lue  ( a s  much as 70 K i n  Fig.  5). I n  o r d e r  t o  exp lo re  t h e  
magnitude of t h i s  e f f e c t  and i t s  inf luence on t h e  conc lus ions ,  s e l e c t e d  
d e p o s i t  ra te  d a t a  from Fig.  11 a r e  smoothed and r e p l o t t e d  i n  Fig.  1 7  as a 
f u n c t i o n  of both f i n a l  w a l l  temperature and i n i t i a l  w a l l  temperature .  Corre- 
l a t i n g  d e p o s i t  rates with t h e  f i n a l  w a l l  temperature ( t h a t  temperature  
measured a t  t h e  completion of t h e  t e s t ) ,  s i m u l a t e s  i n  an extreme way t h e  
e f f e c t  of r i s i n g  w a l l  temperature on d e p o s i t  formation. A s  s een  i n  Fig.  1 7  
f o r  t h e  c o r r e l a t i o n  wi th  r e s p e c t  t o  t h e  f i n a l  w a l l  temperature ,  t h e  d e p o s i t  
formation r a t e s  are s h i f t e d  so t h a t  t h e  apparent  t r e n d  of i n c r e a s i n g  rates a t  
a f i x e d  w a l l  temperature  f o r  i nc reas ing  t e s t  d u r a t i o n s  i s  n o t  as s i g n i f i c a n t  
as f o r  t he  c o r r e l a t i o n  with i n i t i a l  w a l l  temperature.  Although t h e  p l o t  i s  
inconc lus ive ,  i t  sugges t s  t h e  importance of d a t a  i n t e r p r e t a t i o n  wi th  r e s p e c t  

This  con ten t ion  is  on ly  v a l i d  f o r  formation o f  nonporous, t h i n ,  uniform 
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t o  t h e  experimental  cond i t ions .  Also,  as w i l l  be presented  n e x t ,  t h e  depos i t  
r a t e  d a t a  for t h e  i so thermal  tube  specimens, where w a l l  temperature  r a t h e r  
than  h e a t  f lux  was maintained cons t an t  wi th  t ime,  d i d  n o t  e x h i b i t  an apparent  
dependency on tes t  t i m e .  

Deposit  Formation on t h e  I so thermal  Tube, F i l t e r ,  and Wafer Specimens 

For the  s e v e r a l  s e l e c t e d  tes ts  i n  which depos i t  f i l t e r s  were i n s t a l l e d ,  
t h e  carbon mass t rapped i n  t h e  f i l t e r s  amounted t o  no  more than  10 percent  of  
t he  combined mass found on t h e  upstream tube  s u r f a c e s ;  sugges t ing  t h a t  f o r  t h e  
cond i t ions  t e s t e d  i n  t h i s  program, l i t t l e  r e s i d u a l  d e p o s i t  remains i n  t h e  bulk  
flow o r  breaks away from t h e  tube  su r face .  Also, as presented  e a r l i e r ,  t h e  
316 s t a i n l e s s  s t e e l  wafer specimens i n s t a l l e d  i n  t h e  f u e l  stream a t  t h e  i n l e t  
and o u t l e t  of each i so thermal  tube  assembly were used t o  determine t h e  t o t a l  
mass of depos i t  (carbon p lus  o t h e r  c o n s t i t u e n t s )  which forms on a h o t  meta l  
su r f ace .  This information w a s  compared t o  t h e  carbon d e p o s i t i o n  d a t a  from 
adjacent  s e c t i o n s  of  i so thermal  tube  (which were opera ted  a t  comparable 
temperatures)  i n  o rde r  t o  q u a n t i f y  t h e  mass f r a c t i o n  of  carbon p resen t  i n  t h e  
d e p o s i t .  Based on t h i s  comparison which w a s  done f o r  a range of tempera ture ,  
t he  mean mass f r a c t i o n  of carbon i n  t h e  d e p o s i t  w a s  es t imated  t o  be no more 
than  65 percent .  F i n a l l y ,  because of  t h e  compl ica t ing  e f f e c t s  of  suspected 
a c t i v e  spec ies  d e p l e t i o n  and i t s  e f f e c t s  on downstream d e p o s i t i o n  f o r  many of  
t h e  t e s t s ,  i t  w a s  d i f f i c u l t  t o  use t h e  i so thermal  tube  d a t a  t o  assess t h e  
e f f e c t  of  fue l  temperature  on depos i t  formation. However, i n  tes ts  which d id  
not  show an e f f e c t  of  d e p l e t i o n  of  s p e c i e s  i n  t h e  hea ted  tube ,  d e p o s i t  ra tes  
were the  same a t  any w a l l  temperature  common t o  both t h e  hea ted  and i so thermal  
tubes  d e s p i t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e i r  r e s p e c t i v e  l o c a l  f u e l  tempera- 
t u r e s  ( s e e  Figs .  5 and 6 ) .  This  obse rva t ion  sugges t s  t h a t  wal l  temperature  i s  
t h e  more s i g n i f i c a n t  c o r r e l a t i n g  parameter ,  bu t  any conclus ion  d i scoun t ing  the 
e f f e c t  of  fue l  temperature  on depos i t  formation i s  unwarranted by t h i s  s tudy.  

Rates of  Carbon Depos i t ion  f o r  Suntech A a t  Low Ve loc i ty  

The carbon d e p o s i t i o n  rates and cumulat ive carbon d e p o s i t  formed a r e  
p l o t t e d  f o r  Suntech A a t  low v e l o c i t y  i n  F ig .  18, and a comparison of  t h e  
ra tes  of carbon d e p o s i t i o n  f o r  similar tes ts  us ing  Je t  A and Suntech A i s  
shown i n  Fig.  19. I n  gene ra l ,  t h e  t r e n d s  d i sp layed  i n  t h e  d a t a  f o r  Suntech A 
are s imilar  t o  those  e x h i b i t e d  by Jet A a t  comparable test  c o n d i t i o n s ,  except  
t h a t  t h e  carbon d e p o s i t i o n  r a t e s  f o r  Suntech A c a n  be  as h igh  as a f a c t o r  of 
t e n  g r e a t e r  than those  f o r  J e t  A. Also, as f o r  Jet A,  t h e  peak i n  t h e  carbon 
d e p o s i t i o n  r a t e s  v s .  temperature  curve occur s  a t  about 560 K f o r  tests 
l a s t i n g  between 3 and 21 h r  and having w a l l  t empera tures  ranging from 500 t o  
625 K ( i . e . ,  maximum e x i t  f u e l  temperature  505 t o  560 K). 

Rates of  Carbon Depos i t ion  a t  High Ve loc i ty  

The depos i t  d a t a  f o r  t h e  h igh  v e l o c i t y  (1.3 m/s) and s h o r t  d u r a t i o n  tests 
us ing  Jet  A i s  p l o t t e d  i n  F ig .  20. Because o f  t h e  nonmonotonic heated-tube 
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w a l l  temperature  p r o f i l e s  caused by tube  e n t r a n c e  e f f e c t s  which r e s u l t s  i n  two 
d i f f e r e n t  tube p o s i t i o n s  having the  i d e n t i c a l  w a l l  temperature  ( s e e  Fig.  20a) ,  
t h e  d e p o s i t  r a t e  and cumulative carbon d e p o s i t  d a t a  are p l o t t e d  as a f u n c t i o n  
of tube p o s i t i o n  t o  permit d i f f e r e n t i a t i o n  of upstream and downstream tempera- 
t u r e s .  Isothermal  tube  d a t a  a r e  also p l o t t e d  f o r  t ube  p o s i t i o n s  between 96 
and 120 cm. I n  Fig.  20b, d e p o s i t  r a t e s  are monotonically i n c r e a s i n g  wi th  t u b e  
p o s i t i o n  i n  t h e  r eg ions  of  monotonically i n c r e a s i n g  w a l l  temperature  which 
sugges t s  t h a t  d e p l e t i o n  of a c t i v e  oxygenated s p e c i e s  does not  occur  when t h e  
f u e l  r e s i d e n c e  t i m e  i n  h e a t i n g  i s  short  ( l e s s  t h a n  1 s a t  t h i s  v e l o c i t y  condi- 
t i o n ) .  I n  f a c t ,  t h e  magnitude of the d e p o s i t  rates i n  Fig.  20b a t  h igh  
v e l o c i t y  a r e  s imilar  t o  those  a t  the low v e l o c i t y  c o n d i t i o n  shown earlier i n  
Fig.  !3a a t  t h e  coixion tes t  condi t ion of an i n i t i a l  wa?? temperature  of 550 K 
( ra tes  approximately equal  t o  150 ug/cm*-hr). However, i n  t h e  h igh  v e l o c i t y  
runs a t  w a l l  temperatures  g r e a t e r  than 550 K and f o r  t ube  p o s i t i o n s  downstream 
of 60 c m ,  d e p o s i t  ra tes  are  h i g h e r  than those  f o r  t h e  low v e l o c i t y  t e s t  a t  
comparable w a l l  temperatures .  This comparison between t h e  low and high 
v e l o c i t y  d e p o s i t i o n  d a t a  a t  s i m i l a r  w a l l  temperatures  r e i n f o r c e s  t h e  impor- 
tance of t he  f u e l  temperature-time h i s t o r y  i n  a f f e c t i n g  downstream d e p o s i t i o n ,  
and t h e  need t o  i n t e r p r e t  d e p o s i t  d a t a  cons ide r ing  t h i s  e f f e c t .  

Fuel Oxidation and Deposi t ion Model 

The d e t a i l e d  chemical r eac t ions  t h a t  r e s u l t  i n  f u e l  d e p o s i t s  are ve ry  
complex and n o t  w e l l  understood a t  p r e s e n t .  It i s  widely agreed,  however, 
t h a t  a t  temperatures  up t o  about 540 K ( t h e  p r i n c i p a l  r eg ion  of i n t e r e s t  i n  
t h i s  i n v e s t i g a t i o n ) ,  t h e y  u s u a l l y  begin wi th  a l i q u i d  phase o x i d a t i o n  o f  t h e  
f u e l ,  which i s  promoted by dissolved oxygen. The fuel/oxygen r e a c t i o n ,  which 
invo lves  f r e e  r a d i c a l  cha ins  i s  termed a u t o x i d a t i o n .  Common i m p u r i t i e s  such 
as compounds of s u l f u r ,  n i t r o g e n ,  and metals e n t e r  and a c c e l e r a t e  t h e  reac- 
t i o n s .  
of hydrocarbon molecules and the  s c i s s i o n  o f  hydrogen. Also, experimental  
t r e n d s  i n d i c a t e  t h a t  t h e  r a t e  of depos i t  formation on heated s u r f a c e s  i s  
p r i m a r i l y  a f f e c t e d  by t h e  l o c a l  temperature and t h a t  t h e  d e p o s i t  forming 
mechanisms tend t o  be l i m i t e d  by the chemical k i n e t i c s  of t h e  d e p o s i t i o n  
r e a c t i o n  r a t h e r  than by d i f f u s i o n .  

Above 750 K,  t h e  d e p o s i t i o n  r e a c t i o n  i s  c h a r a c t e r i z e d  by t h e  p y r o l y s i s  

H a z l e t t  has  i d e n t i f i e d  t h e  important d e p o s i t  forming p recu r so r  s p e c i e s  i n  
h i s  s t u d i e s  of r e a c t i o n s  of a e r a t e d  n-dodecane flowing over  heated s t a i n l e s s  
s tee l  tubes  (Ref. 13 ) .  Using gas chromatography, he chemical ly  analyzed t h e  
s t r e s s e d  f u e l  sample discharged from a JFTOT. S o m e  r e s u l t s  are  shown i n  
Fig.  21 where the  concen t r a t ions  of oxygenated s p e c i e s  (hydroperoxides,  
a l c o h o l s ,  ke tones ,  and carbon monoxide) are r e l a t e d  t o  a l i g h t  r e f l e c t a n c e  
measurement of t he  d e p o s i t  formed on t h e  tube known as t h e  tube d e p o s i t  r a t i n g  
(ATDR). The d a t a  of Fig.  21 suggest t h a t  d e p o s i t  formation ( a s  c h a r a c t e r i z e d  
by ATDR) i s  c l o s e l y  r e l a t e d  t o  t h e  formation of oxygenated intermediary 
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precur so r  spec ies .  Fu r the r ,  r e sea rche r s  have e s t a b l i s h e d  t h e  fol lowing cha in  
r e a c t i o n  mechanism t o  exp la in  t h i s  t r end  (Ref.  1 ) :  

s u r f  ace 
I n i t i a t i o n  2 R-H + 02 -P 2R* + 8202 (1-a) 

R e  + 02 + R02* 

R02* + R-H + ROOH + R *  
Pro pag a t ion 

R 0 2 *  + R02* + ketone + a lcoho l  + O2 (1-d) 

Termination R 0 2 *  + R* + ROOR (1-e) 

( 1 - f )  R* + R* + R-R 

I n i t i a t i o n  occurs on t h e  hot  metal  su r f ace  through t h e  formation of  a l k y l  f r e e  
r a d i c a l  (Re),  and t h e  propagat ion  s t e p s  form t h e  i n i t i a l  s t a b l e  product ,  a 
hydroperoxide.  The r e a c t i o n  i s  terminated by s t e p  (1-d) i n  t h e  case  o f  a h igh  
d i s so lved  oxygen concen t r a t ion  and by s t e p  (1-f)  a t  low oxygen concen t r a t ion .  

Because of t he  d i f f i c u l t y  i n  applying t h e  d e t a i l e d  d e p o s i t i o n  mechanism 
c i t e d  i n  Eqs. (1-a) through (1-f)  t o  a multicomponent f u e l ,  i t  i s  reasonable  
t o  p o s t u l a t e  t h e  fol lowing g loba l  two-step k i n e t i c  r e a c t i o n  mechanism: 

f u e l  + precur so r  
kl 

f u e l  + O2 - 
k2 

f u e l  + precursor  f u e l  + d e p o s i t  

(2-a) 

(2-b) 

From Eqs. (2-a) and (2-b), t h e  time ra tes  of  change of  t h e  a c t i v e  s p e c i e s  
are  g iven  by 

(3-a) 
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d [ d e p o s i t  I 
d t  

= k2 [ f u e l ]  [ p r e c u r s o r ]  

and 

d [ p r e c u r s o r ]  d [02 ]  + d l d e p o s i t ]  

d t  =-(r d t  

(3-b) 

(3-c) 

where t h e  b r a c k e t s  [ ] denote concentrat ion i n  moles/cc.  Because t h e  sum o f  
t h e  c o n c e n t r a t i o n s  of t h e  02, precursor ,  and d e p o s i t  s p e c i e s  i s  s m a l l  ( a  few 
ppm with r e s p e c t  t o  t h e  f u e l ) ,  t h e  f r a c t i o n  o f  t h e  f u e l  converted t o  d e p o s i t  
i s  n e g l i g i b l e  and i s  t r e a t e d  as a constant  i n  t h e  system. 
r e a c t i o n  ra te  c o n s t a n t s  f o r  Eqs. (3-a) t o  (3-c) t a k e s  t h e  Arrhenius form 

Also, t h e  s p e c i f i c  

kn E An exp(-En/RT) cc/mole-s 

Equations (2-a) and (2-b) r equ i r e  t h a t  a t  any t i m e  d u r i n  t h e  reac 

( 4 )  

i o n ,  
t h e  sum of t h e  c o n c e n t r a t i o n s  of oxygen, p r e c u r s o r ,  and d e p o s i t  i s  c o n s t a n t  
and equa l  t o  t h e  i n i t i a l  concentrat ion of oxygen, [O2I in i t ,  provided t h e  
i n i t i a l  concen t r a t ions  of t h e  precursor and d e p o s i t  s p e c i e s  are zero.  Also,  
t h e  r e a c t i o n  mechanism adopted permits t h e  t o t a l  p roduc t ion  o f  d e p o s i t  t o  be 
as h i g h  as [02]in. t :  and because of t h i s ,  t h e  v a l u e  of [O2Iinit 
input  t o  the  modei is chosen so t h a t  t h e  p r e d i c t e d  d e p o s i t  matches expe r i -  
mental  d a t a .  
brium va lue  of d i s so lved  oxygen i n  f u l l y  a i r - s a t u r a t e d  f u e l  (about  55 ppm by 
weight o r  1.4 x 

Of cour se ,  an upper l i m i t  on t h e  [O2Iinit i s  t h e  e q u i l i -  

moles 02/cc fue l ) .  

The va lues  of t h e  pre-exponential c o n s t a n t s  and a c t i v a t i o n  e n e r g i e s  
r e q u i r e d  i n  Eq. (4 )  f o r  each r eac t ion ,  were ob ta ined  by s o l v i n g  Eqs. (3-a) and 
(3-b) f o r  t h e  s p e c i f i c  r e a c t i o n  r a t e s  k l  and k2 ,  and p l o t t i n g  each a g a i n s t  
r e c i p r o c a l  temperature  on semilogarithmic graph paper from which t h e  average 
s l o p e  (En/R) and i n t e r c e p t  (An) were determined. Values f o r  t h e  concen- 
t r a t i o n s  of the i n d i v i d u a l  s p e c i e s  were approximated us ing  t h e  d a t a  i n  
Figs .  13 and 21. 

The va lues  of t h e s e  parameters were then  a d j u s t e d  so t h a t  t h e  model f i t  
The s e l e c t e d  experimental  d a t a ,  and t h e  f i n a l  v a l u e s  are g iven  i n  Table I V .  

v a l u e  of [021init w a s  determined t o  be approximately 16 p e r c e n t  of t h a t  
f o r  oxygen s a t u r a t e d  f u e l .  Also, as shown i n  Table I V ,  because t h e  d e p o s i t  
formation r a t e  d a t a  i s  based on carbon mass r a t h e r  t h a n  t o t a l  mass, t h e  
molecular weight of d e p o s i t  w a s  assumed equa l  t o  t h a t  o f  carbon t o  permit a 
c o n s i s t e n t  comparison between t h e  model p r e d i c t i o n s  and t h e  experiment.  

21 



Equations ( 3 )  and ( 4 )  were w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form and solved 
on a d i g i t a l  computer us ing  both an i m p l i c i t  backward d i f f e r e n c e  Euler  tech- 
n ique  and an e x p l i c i t  fourth-order  Runge-Kutta procedure.  Both s o l u t i o n  
a lgor i thms produced r e s u l t s  which were wi th in  a few pe rcen t .  The r e s u l t a n t  
computer program w a s  app l i ed  t o  t h e  hea ted  and i so thermal  tube  experiment 
assuming a t  any point  a long e i t h e r  tube,  t h e  system i s  modelled as a w e l l -  
s t i r r e d  r eac to r  maintained a t  t h e  l o c a l  tube  temperature .  The r e a c t o r  volume 
equa l s  t h e  t o t a l  volume of f u e l  passed through t h e  tube  du r ing  t h e  tes t .  The 
c a l c u l a t i o n  proceeds by d i v i d i n g  t h e  tube  i n t o  f i n i t e  increments  and marching 
i n  t i m e  along t h e  l eng th  of t h e  tube ,  where t h e  t i m e  increment i s  computed 
from t h e  spec i f i ed  tube  incremental  l eng th  and t h e  l o c a l  f u e l  v e l o c i t y  
obta ined  from Fig .  8 .  Thus, g iven  the  w a l l  and f u e l  tempera ture  p r o f i l e s  
a long  t h e  t u b e ,  t h e  t es t  d u r a t i o n ,  t h e  f u e l  f low r a t e ,  t h e  i n i t i a l  concentra- 
t i o n  o f  oxygen i n  t h e  f u e l  ([02] 
v a t i o n  energy c o n s t a n t s  of Table  I V ,  t h e  f u e l  o x i d a t i o n  and depos i t i on  model 
i n t e g r a t e s  Eqs. (3-a) t o  (3-c) t o  produce t h e  concen t r a t ions  (and t o t a l  
masses) of  oxygen, p recu r so r ,  and depos i t  along t h e  tube .  

and t h e  pre-exponent ia l  and a c t i -  i n i t ) '  

F igure  22 summarizes some p red ic t ed  and measured d e p o s i t  spec ie s  concen- 
t r a t i o n  p r o f i l e s  a long t h e  tube  f o r  Jet  A where t h e  low v e l o c i t y  h igh  tempera- 
t u r e  condi t ion d a t a  of Run A-L-550-20 were used t o  c a l i b r a t e  t h e  r e a c t i o n  
model. 
cond i t ion  does no t  i nc rease  s i g n i f i c a n t l y  downstream of 70 c m  (because o f  
suspected oxygen d e p l e t i o n ) ,  and t h e s e  d a t a  provide a convenient  po in t  f o r  

' s e t t i n g  t h e  value of [O2Iinit f o r  a l l  f u r t h e r  runs  of  t h e  model. 
Fig.  22 f o r  the h igh  temperature  cond i t ion ,  t h e  model p r e d i c t s  t h a t  t h e  
p recu r so r  concent ra t ion  r eaches  a maximum v a l u e  p r i o r  t o  s i g n i f i c a n t  d e p l e t i o n  
o f  oxygen, and du r ing  p recu r so r  formation, d e p o s i t  c o n c e n t r a t i o n  i s  n e a r l y  
p ropor t iona l  t o  p recu r so r  concen t r a t ion .  However, once t h e  oxygen concentra-  
t i o n  i s  s i g n i f i c a n t l y  reduced, t h e  prev ious ly  formed p recu r so r  i s  converted t o  
d e p o s i t .  Fur ther ,  when t h e  model i s  app l i ed  t o  t h e  low temperature  c o n d i t i o n  
(Run A-L-350-501, Fig .  22 shows t h a t  t he  t o t a l  d e p o s i t  formed under t h e s e  
cond i t ions  i s  l i m i t e d  by t h e  maximum tube  temperature  r a t h e r  t han  by t h e  
oxygen concent ra t ion .  

The t o t a l  d e p o s i t  produced f o r  t h e  low v e l o c i t y  h igh  temperature  

In  

The p red ic t ive  c a p a b i l i t y  of  t h e  f u e l  o x i d a t i o n  and d e p o s i t i o n  model f o r  
a range of  temperature c o n d i t i o n s  and flow r a t e s  i s  demonstrated i n  Fig.  23 
f o r  s e v e r a l  shor t  and long d u r a t i o n  tes ts  a t  low v e l o c i t y  and i n  Fig.  24 f o r  a 
h igh  temperature ,  s h o r t  d u r a t i o n  tes t  a t  h i g h  v e l o c i t y .  
experimental ly  determined rates of  carbon d e p o s i t i o n  f o r  hea ted  tubes  are 
p l o t t e d  aga ins t  i n i t i a l  w a l l  temperature  (Fig.  23) and tube  p o s i t i o n  
(F ig .  24). As shown by Figs .  23 and 24, t h e  agreement between t h e  model and 
t h e  experiment i s  s a t i s f a c t o r y  f o r  extreme ranges  o f  f l o w r a t e s  and w a l l  
temperature  and f o r  test  d u r a t i o n s  t h a t  do no t  exceed 103 h r .  However, s i n c e  
t h e  model does not  account f o r  t h e  enhancement e f f e c t  on d e p o s i t  formation o f  

The p red ic t ed  and 
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an inc rease  i n  a c t i v e  s u r f a c e  area provided by ex t remely  t h i c k  and c e l l u l a r  
d e p o s i t s ,  it does not  match t h e  experimental  d a t a  f o r  t es t s  wi th  d u r a t i o n s  
longer  than  103 h r .  Because of  t h e  l a r g e  d i f f e r e n c e s  between t h e  w a l l  and 
f u e l  temperatures  i n  t h e  i n l e t  port ion of t h e  tube  f o r  t h e  h igh  v e l o c i t y  tes t  
(see Fig.  6 ) ,  t h e  p r e d i c t i o n s  presented i n  F ig .  24 are based on a modified 
temperature  p r o f i l e  comprising t h e  average o f  t h e  f u e l  and w a l l  temperatures  
over  t h e  f i r s t  15 cm of  t h e  tube  ( i n l e t  reg ion)  and t n e  w a l l  temperature  f o r  
t h e  remainder of t h e  tube.  Also, for t h i s  ca se ,  t h e  model c o r r e c t l y  p r e d i c t s  
t h a t  t h e  d e p o s i t  ra te  i n c r e a s e s  f o r  t h e  r eg ion  o f  t ube  between 40  and 80 cm, 
and i t  sugges ts  t h a t  t h i s  i s  because the  oxygen i n  t h e  f u e l  i s  no t  s i g n i f i -  
c a n t l y  dep le t ed  du r ing  t h e  r e l a t i v e l y  s h o r t  t i m e  t h e  f u e l  i s  i n  t h e  tube  
(about  Os9 S I ,  

Overa l l  Deposi t ion Rate Constant C o r r e l a t i o n  

The r e s u l t s  of t h e  f u e l  ox ida t ion  and d e p o s i t i o n  model shown previous ly  
i n  Fig.  22 i n d i c a t e  t h a t  f o r  t h e  case of s u f f i c i e n t  d i s s o l v e d  oxygen i n  t h e  
f u e l ,  t he  concen t r a t ion  of depos i t  i s  p ropor t iona l  t o  t h e  concen t r a t ion  of  
precursor .  This r e l a t i o n s h i p  between t h e s e  two s p e c i e s  i n  t h i s  regime 
sugges t s  a poss ib l e  c o r r e l a t i o n ,  and when appl ied  i n  t h e  form of  Eq. (3-b) i t  
can be expressed as an o v e r a l l  depos i t i on  ra te  cons t an t  def ined  as 

1 d (  depos i t  mass/area)  
, ug/cm2-s/ug (5) 

kov ( d e p o s i t  mass) d t  

where t h e  depos i t  mass ind ica t ed  i s  the  cumulat ive carbon d e p o s i t  mass a t  any 
po in t  i n  t h e  tube  (see F igs .  12, 13b, and 18b).  The t e r m  
d (depos i t  mass /a rea) /d t  i s  t h e  t i m e  r a t e  of change of  t h e  d e p o s i t  mass a long  
t h e  tube  and i s  computed by mul t ip ly ing  t h e  incrementa l  change i n  d e p o s i t  mass 
loading  per u n i t  area and per u n i t  length a t  any tube  p o s i t i o n  by t h e  f u e l  
v e l o c i t y  a t  t h a t  p o s i t i o n .  The o v e r a l l  d e p o s i t i o n  r a t e  cons t an t  of Eq. ( 5 )  
i nco rpora t e s  t he  e f f e c t s  of f u e l  temperature-time and d e p o s i t  h i s t o r y  along 
t h e  tube  w i t h i n  t h e  cumulat ive depos i t  mass, and t h e  l o c a l  e f f e c t s  o f  tempera- 
t u r e  and v e l o c i t y .  

The computed o v e r a l l  depos i t ion  ra te  c o n s t a n t s  f o r  t h e  Jet  A and 
Suntech A d a t a  presented  ear l ie r  a re  p l o t t e d  as a f u n c t i o n  o f  r e c i p r o c a l  
i n i t i a l  tube temperature  i n  Figs .  25 and 26 r e s p e c t i v e l y .  I n  each f i g u r e ,  
o n l y  d a t a  f o r  t h e  hea ted  and isothermal  tubes  from t h e  monotonica l ly  increas-  
ing  p o r t i o n  of t h e  carbon depos i t i on  r a t e  v s .  t empera ture  curve are included,  
i .e.,  no s i g n i f i c a n t  d e p l e t i o n  of  d i sso lved  f u e l  oxygen. In F igs .  25 and 26, 
t h e  d a t a  a r e  grouped as e i t h e r  long d u r a t i o n  ( >  50 h r )  o r  s h o r t  d u r a t i o n  
(< 50 h r ) ,  and i n  some ins t ances ,  t h e  heated-tube d a t a  a r e  d i s t i n g u i s h e d  from 
t h e  isothermal- tube d a t a .  Also, da ta  from i n d i v i d u a l  tests are i d e n t i f i e d  t o  
show t h e  g e n e r a l i t y  o f  t h e  c o r r e l a t i o n ,  and a least  squa res  curve  f i t  (cor re-  
l a t i o n  c o e f f i c i e n t  = 0.95) i s  provided f o r  t h e  d a t a  of Fig.  25a. 
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As seen in Fig. 25a, the overall deposition rate constant defined by 
Eq. (5) satisfactorily correlates the heated and isothermal tube data for 
short durations with the isothermal tube data for long durations for two 
values of fuel velocity (0.07 and 1 .3  m/s) and for a range of surface tempera- 
tures (400 to 700 K). However, for the heated-tube data from long duration 
tests shown in Fig. 25b, the correlation does not entirely remove the effect 
of test duration. Nevertheless, the vertical spread in the reduced data of 
Fig. 25b are far less than for the composite carbon deposition rate plot 
presented earlier as Fig. 14. Also, in comparing Figs. 25b and 26b, the over- 
all deposition rate constants for Jet A and Suntech A at long and short 
durations are nearly the same, whereas their rates of carbon deposition were 
shown earlier to be different by a factor of ten (see Fig. 19). The informa- 
tion presented in Figs. 25 and 26 forms a basis for the development of a 
design/application procedure for analyzing deposit formation in fuel systems, 
and it identifies the surface temperature and temperature-time history of the 
fuel participating in the deposition reaction as two important parameters 
affecting deposit production. 

a 
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CONCLUSIONS 

1. Local depos i t  formation i s  pr imar i ly  a func t ion  of  l o c a l  s u r f a c e  tempera- 
t u r e ,  bu t  f u e l  temperature-time h i s t o r y  can have a s i g n i f i c a n t  e f f e c t .  

2 .  The rates of  carbon depos i t i on  a r e  s i m i l a r  a t  low (0.07 m/s) and h igh  
(1.3 m/s) v e l o c i t y ,  but  depos i t  d e n s i t y  v a r i e s  by a f a c t o r  o f  t e n  f o r  
t hese  extremes. 

3. The time-average r a t e s  of carbon d e p o s i t i o n  f o r  d e p o s i t s  which are 
c e l l u l a r  i n  s t r u c t u r e  a r e  no t  cons tan t  and i n c r e a s e  wi th  t h e  second power 
of  t es t  du ra t ion .  The inc rease  i s  probably due t o  t h e  a d d i t i o n a l  s u r f a c e  
area provided by t h e  d e p o s i t .  

4. A two-step k i n e t i c  model has  been used t o  model t h e  f u e l  ox ida t ion  and 
depos i t  formation process ,  and t o  c o r r e l a t e  d e p o s i t  formation as a 
func t ion  of test t ime, su r f ace  temperature ,  and f u e l  temperature-time 
h i s t o r y  . 
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LIST OF SYMBOLS 

A 
i 

cP 

E 

k 

R 

Re 

T 

t 

lJ 

P 

Subscripts 

init 

n 

ov 

res 

Mi sce 11 aneous 

[ I  

experimentally-determined reaction constant 

specific heat at constant pressure 

Arrhenius activation energy 

thermal conductivity; specific rate constant 

universal gas constant, 1.987 cal/g-mole-K 

Reynolds number based on tube diameter 

temperature 

time 

absolute viscosity 

density 

initial 

reaction number 

overall 

residence 

concentration, moles / cc 
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TABLE I 

CERTIFIED FUEL ANALYSES 

S p e c i f i c  g r a v i t y  @ 289 K (ASTM D 1298) 

Viscos i ty ,  cS t  (ASTM D 445) 

e 311 K 
@ 323 K 
@ 328 K 
@ 372 K 

D i s t i l l a t i o n  Temperatures,  K (ASTM D 86) 

I n i t i a l  Boi l ing  Point  
10% Recovery 
20% 
5 0% 
90% 
End Po in t  

P a r a f f i n s ,  v o l .  X (ASTM D 1319) 
O l e f i n s ,  vo l .  % (ASTM D 1319) 
Aromatics, v o l .  X (ASTM D 1319) 
S u l f u r ,  w t .  % (ASTM D 2622) 
Nitrogen,  ppm by w t .  (chemiluminescent) 
Hydrogen, w t .  % (Perkin-Elmer 240 Analyzer) 
Organic Oxygen, w t .  % (Perkin-Elmer 240 Analyzer) 

Thermal S t a b i l i t y  Breakpoint 
Temperature, K (JFTOT ASTM D 3241, v i s u a l  

code 3, f 3 K) 

J e t  A Suntech A 

0.8165 0.863 

1.51 1.99 
1.25 1.65 
1.18 1.54 
0.75 0.92 

44 1 448 
46 1 469 
468 482 
48 6 514 
518 578 
539 626 

76.84 59.47 
1.95 0.75 

21.21 39.77 
0.051 0.237 

12.4 249 
13.45 12.38 
0.56 1.42 

525 t o  533 538 



TABLE 11 

APPROXIMATE THERMOPHYSICAL PROPERTIES OF JET A AND SUNTECH A* 

T 
(F) (K) 

0 255 

100 31 1 

200 366 

300 422 

400 478 

500 533 

600 589 

800 700 

1000 811 

P 
(kg/m3) 

820 

780 

740 

697 

657 

612 

556 

352 

136 

cP 
(kJ/kg K) 

1.59 

1.80 

2.10 

2.37 

2.62 

2.69 

2.93 

4.45 

3.04 

* A l l  p r o p e r t i e s  e v a l u a t e d  a t  3.65 MPa 

lJ 
(kg/m s)  x 104 

52.3 

13.9 

6.42 

3.92 

2.75 

1.99 

1.46 

0.358 

0.135 

k 
(W/m K) 

0.145 

0.137 

0.130 

0.121 

0.114 

0.107 

0.0986 

0.0554 

0.0312 

3 



TABLE 111-A 

SUMMARY OF TEST CONDITIONS FOR JET A(1) 

7 

3 

10.4 
10.4 
20.0 
20.0 
20.0 
50.0 
52.6 

102.7 
157.1 
157.1 
169.0 
233.2 
406.3 
639.5 
730.3 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
1 2  
13 
14 
15 
16 
1 7  
18 
19 
20 

- 
T e s t  I d e n t .  

Code (2 )  

A-L-5 50-4 
A-L-550-7 
A-L-550-10 
A-L-450-10 
A-L-550-20/1 
A-L-550-20/2 
A-L-550-20/3 
A-L-350-50 
A-L-350-53 
A-L-350-103 
A-L-350-157/ 1 (3 
A-L-350-157/2 (3) 
A-L-300-169 
A-L-300-233 
A-L-300-406 
A-L- 3 00 -6 3 9 ( 
A-L- 3 0 0- 7 3 0 ( 
A-H-420-21/1 
A-H-420-21/2 
A-H-450-21 

I n l e t  
Veloc i ty  

( m / s )  Duration ( h r )  

Nominal 
Fuel  O u t l e t  
Temp. (K) 

555 
560 
560 
505 
560 
560 
560 
450 
450 
455 
465 
450 
420 
420 
420 
420 
430 
49 0 
490 
505 

Max. Tube 
Wall Temp. (K) 

62 1 
619 
515 
5 64 
609 
629 
630 
500 
506 
507 
508 
514 
472 
473 
467 
467 
465 
735 
729 
762 

A l l  tests run  a t  a nominal inlet  f u e l  p re s su re  and temperature  of 3.4 MPa 
and 290 K,  r e s p e c t i v e l y  

( 2 )  Key t o  t es t  i d e n t i f i c a t i o n  
x-y-zzz-www/u 

where x - Fuel type ;  A=Jet A; S=Suntech A 
y 
zzz - Maximum f u e l  temp. i n  ( F )  
www - T e s t  d u r a t i o n  in (hr) 
u - Counter index f o r  repeat  tes ts  

- Tube i n l e t  v e l o c i t y ;  L10.07 m / s ;  W1.3 m / s  

(3)  Tube plugged 



TABLE 1 1 1 - B  

SUMMARY OF TEST CONDITIONS FOR SUNTECH A ( 1 )  

3 
I n l e t  Nominal 

Fuel  O u t l e t  Max. Tube Run Test Iden t  . Ve 1 oc i t y 
No. Code ( 2 )  (m/s) Duration ( h r )  Temp. (K) Wall Temp. (K) - 

S-L-550-3 0 
S-L-450-10 
S-L-450-11 
S-L-550-17 
S-L-550-21 
S-L-300-23 
S-L-300-190 
S-L-300-213(3 
S-L-300-2 13(3 

17 3.3 
9 .5  

11 .2  
17 .4  
20.7 
22.6 

189.9 
212.6 

1 212.6 

560 
505 
505 
560  
560 
4 2 0  
435 
4 2 0  
4 2 0  

629 
575  
556 
6 2 6  
624 
486 
48 7 
489  
485 

A l l  tes ts  run  a t  a nominal i n l e t  f u e l  p re s su re  and temperature  of 3.4 MPa 
and 290 K ,  r e s p e c t i v e l y  

( 2 )  Key t o  t e s t  i d e n t i f i c a t i o n  
x- y-zzz-www/ u 

where x - Fuel t ype ;  A = J e t  A; S=Suntech A 
y - Tube i n l e t  v e l o c i t y ;  L=O.O7 m / s ;  H = 1 . 3  m / s  
zzz - Maximum f u e l  temp. i n  (F) 
www - Test d u r a t i o n  i n  ( h r )  
u - Counter index f o r  repea t  t e s t s  

(3) Tube plugged 
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TABLE IV 

FUEL OXIDATION AND DEPOSITION MODEL PARAMETERS 

3.5 i o 9  17 

2.0 1014 31 

Re ac t ion E* 
Equation I ( c c /mol 41 e- s ) I (kcal/mole) 

[ 02 1 i n i  t = 2 . 2 5  x 10” moles/cc 
Molecular weight of deposit  = 1 2  gfmole 
Molecular weight of fue l  = 170 g/mole 
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